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ABSTRACT 
The fieezing of H2S04-H20 and HNa-H20 particles of sub-micron diameta was 
measured using FTIR extinction spectroscopy and a low-temperature flow tube. 
Temperatures ranging f?om approximately 190 K to approximately 150 K were employed 
in the HNa-H20 expaiments, and temperatures from approximately 240 K to 
approximately 180 K were employed in the HzS04-Hz0 experiments. 
In dilute H2S04-H20 particles ( ~ 3 5  wt % H2S04), ice formed at approxknately 35 
K below the corresponding solid-liquid cquilibrium temperatures. The fkeezing 
temperatures of these particles are in reasonable agreement with theoretical calculations 
and other experimemtal data. The homogeneous nucleation rate associated with our 
freering temperatures is between 1x10' ~rn"sec-~ and 4x10'' cm"sec-l. In contrast to 
dilute H2S04-H20 aerosols, concentrated H2S04-H20 aaosols (>35 wt % H?SOd) did not 
fkeze. From the experimental results, an upper limit of 4x 1 0'' cm%ec'l was calcul ated for 
the nucleation rate. This resdt agrees with otha laboratory results on this system and the 
suggestion that stratospheric sulfate aerosols are liquid. 
Nitric acid-water aerosols with compositions of 2:l (moles HzO:moles HNQ) and 
3 : 1 fYoze as NAD and NAT, respectively . The measured nucleation rate constants for the 
2: 1 particles are between (in units of cm'3 s" x 10") 0.26 f. 0.05 and 16 + 9 at 
temperatures bmeen 178.8 and 1 75.8. The rates for 3 : 1 particles are between (in units of 
cm" s" x 10") 0.38 f 0.18 and 97it 63 at temperatures ranging from 167.2 K to 163.5 K. 
Freezing of non-stoichiomeûic ninic acid aaosols was ais0 investigated. Aerosols with 
compositions ranging nom 1.2 to 1.4 did not crystallize at any of the temperatures 
investigated. NAD formed in particles with compositions ranging fkom 1.4: 1 to 2: 1, and 
both NAD and NAT formed in aerosols with compositions ranging fkom 2.7: 1 to 3: 1. The 
highest fkeezing temperature in this composition range (1.2: 1 to 3: 1) corresponds to a 
composition of approximately 2:l. Based on this idonnation and the nucleation rates 
determinecl fkom the 2:l expeximents. it is UnlikeIy that concentrated niait and-watu 
particles (1.2: 1 to 3: l), if fomed in the polar stratosphae, wîlî fieeze. 
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Rior to 1985, stratosphtic ozone research focused on the gas-phase chemistry 
responsible for ozone destruction. This research identified man-made halocarbons, 
including sever al chloro flurocarbons (CFCs), as the premier threat to the ozone lay=. ' 
Halocarbons migrate kom the eanh's surface to the stratosphae where they are photolyzed 
by ultraviolet light , producing chlorine and bromine radicais . The radicals then destroy 
ozone by several catal ytic cycles, including the foIlowing: ' ' 
Net o+o, +20, 
and 
Cl0 + CIO + M + (CIO), + M 
2(C1+0,)+2(C10+02) 
Net 20, + 30, 
The 1985 publication of the discovery of very large depletions of stratospheric 
ozone over Antarctica in the springtime3 shocked the scientific commhty because the 
m e n t  gas phase models of ozone depletion w a e  incapable of explaining these 
obsemations. This indicated that gas-phase chemistxy alone was hadequate to represent 
stratospheric ozone destruction. An explosion of research followed the 1985 publication on 
the discovery of the Antarctic ozone hole. This research concludcd that heterogeneous 
reactions occurring on the surfaces of polar stratospheric clouds (PSCs) play an essential 
role in chlorofluorocarbon-induced polar ozone depietion. 4.5.6.7 
Hetaogeneous reactions contribute to ozone depletion by convathg unreactive 
temporary raervoirs of chlorine into photolytically-active forms. Chlorine radicals 
produced fiom the photolysis of halocarbons cm react with other trace stratospheric 
species to form unreactive compounds, commonly refaied to as reservoir species. For 
example, chlorine radicals c m  react with methane or nitrogen dioxide to form HCl and 
C10N02, both of which are inert to ozone. 
Cl +CH, + HCI + CH, 
Cl0 + NO, + M +P ClONO, + M 
ûrdinarily, a majority of the stratospheric inorganic chlorine is in these unreactive forms, 
and liberation from these resexvoir species is rather slow. In the presence of PSCs, 
however, the conversion to photolytically-active chlorine is enhanced. The heterogeneous 
reactions responsible for this conversion include the following: 
ClONO, + HCl > Cl + HNO, 
ClONO, + H,O > HOCl + HNO, 
HOCl + HCl pardcle Cl2 + H f l  
The gas phase product of these heterogeneous reactions, molecular chlorine, 
photodissociates readily to yield active chlorine which subsequently destroys ozone. 
While the nature of thse heterogcneous reactions is now relatively well 
establisheâ, the phase and composition of polar stratospheric clouds remains an 
uncertainty. The phase and composition are particularly important because heterogeneous 
reactions are sensitive to these p r ~ ~ e r t i e s . ~  For example, recmt calculations show that 
liquid tmary particla are 30 to 300% more reactive than nitric acid dihydrate particles for 
temperatures below approximately 195 K? 
The project reported in this thais was proposed and designed to contribute io the 
understanding of the phase and composition of polar stratospheric clouds. The goal is to 
provide data on the physical chemistry of PSCs and, consequently. improve predictions of 
stratospheric ozone depletion. 
1.2 POLAR STRATOSPEERIC CLOUDS (PSCs) 
PSCs are a type of aerosol (a suspension of particles in a gas) that is unique to the 
polar stratospheric regions. This uniqueness stems fiom the formation temperature of the 
aaosol. Type II PSCs only form when stratospheric temperanues &op below 
approximately 189 K, and type 1 PSCs exist at temperatures between 195 K and 189 
The phase of type II PSCs has been identified as crystalline ice,I0 but the phase and 
composition of type I PSCs is less certain. 
A limited amount of information on the phase and composition of type 1 PSCs has 
been obtained fiom both field and laboratory measurements. For example, field 
measurements indicate that they contain large arnounts of nitric acidl' and that they exist as 
both solids and liq~ids.12*'3 ~aborator~ rneasurancnts have also suggested that various 
phases are possible, including nitric acid trihydrate T NAT)'.'^ nitric acid dihydrate 
( ~ ~ ~ ) 1 5 . 1 6  , nittic acid pentahydrate (NAP)", mixed hydrates18, and supercooled temary 
S O I U ~ ~ O ~ S .  l9 
At present. t h a e  are several theories on how the composition and phase of type I 
PSCs change as the aaosol co~ls . '~  The transition diagram shown in figure 1.1 
summarlles these theories. Ln this figure, (aq) indicates that the aaosol contains an 
aqueous phase, either a pure liquid or a solid-liquid mixture. NAX and SAX indicate that 
the aerosol contains nitnc acid and sulfuric acid hydrates, respectively, and the arrows 
represent possible transitions. 
The transition diagram consists of three branches. The h t  branch involves a 
liquid-to-solid phase transition of a HzSO4-H20 particle (step 1) foilowed by gas phase 
condensation of nitric acid and wata (step 2). This branch was the k t  mechanism 
proposed to explain observations of solid PSCS." If the H2S04-H20 particle does not 
fieeze, the fiquid particle takes up gas phase nitnc acid and wata and foms a iiquid tanary 
H,SO&l) S A X  
1 2 i c e  O 
E: Freezing Condensation 
O 
N A X  
.- 
A I P S A X  
NAX 
-0 
i c e  
Figure 1.1 Schematic diagram representing the changes in composition and phase 
which codd occur as the stratospheric aaosol cools. 
particle (step 3)? The second branch in the diagram involves the fieezing of this temary 
particle (steps 4, 5, 6 and 7). The first solid to precipitate out of the liquid temary particle 
cm be either nitric acid trd~~drate'~ (step 4) or i ~ e ' ~  (step 6). Steps 5 and 7 involve the 
fieezing of the rernainder of the particle. The temary particle can also approach binary 
HN03 -H20 concentrations if rapid temperature fluctuations occur (step 8 ) ?'' The freuing 
of this iiquid particle reprsmts the final branch in the diagram (step 9)?' 
The steps in the transition diagram represent thamodynamically possible pathways 
under polar stratospheric conditions, but thamodynamic stability is noi the only 
prerequisite for the transitions. The kinetic feasibility of these steps must also be 
determined. This thsis addresses this issue. In particular, the work presented in this thesis 
focuses on liquid-to-solid phase transitions of sulfunc acid-water and niaic acid-water 
systems and probes the kinetics of these systems at polar stratosphaic temperatures. This 
work wiii directiy detexmine the feasibility of steps 1 and 9 in figure 1.1. 
1.3 THESIS OVERWEW 
This thais contains 6 chaptas. Chapters 1, 2, and 3 cover the introduction, theory 
and methods. This includes an overall description of PSCs and their relation with ozone 
hole formation (chapta l), a brief discussion on keezing rates, homogeneous nucleation, 
and crystal growth (chapter 2), and a description of the tools and methods used to carry out 
the experirnents and data analysis (chapter 3). Chapters 4 and 5 present the results obtained 
on the nitric acid-wata and sulfunc acid-water systerns. This includes freezing 
measurements on diiute sulfunc acid aaosols (section 4.9, fieezing measurements on 
concentratcd sulfunc acid aaosols (section 4.6), nucleation measurexnents on 2:1 nitric 
acid aerosols (sections 5.2), temperature cycling and fieezing of 3: 1 niait acid aaosols 
(sections 5.3) and freezing of non-stoichiometric nitric acid aerosols (sections 5.4). 
Finally, in Chapter 6, conclusions and an overall discussion related to the phase and 
composition of PSCs are presented. 
C W T E R  TWO 
KINETIC FEASIBILITY 
2.1 INTRODUCTION 
Under most polar stratospheric conditions, one or more crystalline phases are the 
thermodynamically stable States for the H2SOpH20 and HNO?-H2O systems. However, as 
mentioned in the previous chapter, if a solid is themiodynamically stable, it doesn't 
necessarily follow that a liquid-to-solid phase transition will occur. A substance can 
rernain in a metastable liquid state well below the fieezing ternperature.'s This 
metastability of the liquid state aises fkom the kinetics of liquid-to-solid phase transitions, 
which are controlled by the rates of homogeneous nucleation (J) and crystal growth 
( o ) . ~ ~ ~ ' '  
2.2 HOMOGENEOUS NUCLEATION 
Continuous, traient,  random structurai fluctuations occur in liquids. These lead to 
the formation of crystalline regions, terxned "embryos". The formation of an embryo leads 
to a decrease in fiee energy, AGx, if the solid is thermodynamically stable and if only the 
thamodynamics of the bulk material is considered. One must aiso take into account, 
however, the conmbution of the interface's surface energy. When this energy is inciuded, 
the net change in fiee energy on forming the embryo, W, is a function of anbryo size." 
In this equation, AGx is the change in fiee cnergy/volume when only the thermodynarnics 
of the bulk is considered, and a is the surface energy of the intaface. Figure 2.1 shows the 
variation of W with embryo sue. When r is less than r*, W increases with r. Therefore, 
the fi« energy of the system will decrease if the crystalline region remelts. If a fluctuation 
Figure 2.1 Change in Gibbs Free Energy (W) as a function of the embwo radius (r). 
The formation of an mibryo with a radius greater than r' results in a stable nucleus. 
occurs which produces a crystalline region of radius greater than r*, a stable nucleus will 
result. The process by which thûe stable nuclei form is refmed to as homogenous 
nucleation. Cxystallization requires the existence of stable nuclei to act as centers fiom 
which larger crystak can grow; consequently, the rate of homogeneous nucleation cm 
detennine the kinetics of a liquid-to-solid phase transition. 
Homogeneous nucleation implia the absence of any foreign mataial or body that 
initiates crystallization. The opposite, heterogeneous nucleation. involves initiation of 
qstallization on some foreign surface, such as a container wall or a dust particle. The 
experiments desaibed in this thesis were cmied out on particles suspended in a gas. 
Therefore, the possibility of heterogeneous nucleation ffom container wails was eliminated. 
In addition, care was taken to aisure that al1 parts of the apparatus used in our freezing 
measurements were fixe from dust. Based on tbis information and experimental evidence 
discussed in section 4.5, homogaieou nucleation was assumed to be the dominant 
nucleation process in our work. 
2.3 CRYSTAL GROWTEI 
Crystal growth involves the addition of molecules to the stable crystal nucleus. The 
rate of aystal growth depends on the rate at which atoms or molecules amive and remain at 
the surface of the stable nucleus. For a stoichiometric solution (a mixture of substances 
that can f'reeze to give a crystal with the same stoichiometry as the orginal mixture), al1 the 
components needed for crystal growth are always present near the stable ciystal nucleus. 
In this case, the molecules merely have to reorient to be integrated into the crystal lanice. 
For non-stoichiometcic solutions, however, long-range diffusion processa are necessary to 
carry the components to the stable crystal nucleus in the required proportions. 
Consequently, the rate of crystai growth depends on the stoichiometry of the solution. 
Because viscosity limits the rate of reorientation in stoichiomeaic solutions and the rate of 
diffusion in non-stoichiometrîc solutions, the rate of crystal growth also depends on the 
viscosity of the solution. 
2.4 FREEZING RATES 
Both the bomogeneous nucleation rate (J) and the crystal growth rate (a) can 
control the freezing rate. This is clear when the two steps that control the kinetics of the 
fieezing process are considered: 
particle(1) 4 particlefl) + stable nuclei 
particle@ + stable nuclei -it particle(s) 
Consequently, both the nuc ldon  rate and crystal growth rate must be larger than a certain 
threshold value before the crystal c m  grow to a detectable sue. For the purposes of this 
discussion, this threshold value is defined as yc"ü4. Having nucleation and crystal growth 
rates above ysood, however, is not the only prerequisite for freezing. A region of overlap 
between the two rates at a pariicular temperature m u t  exist. Figure 2.2 illustrates this 
point. In figure 2.2b, thae is no overlap betweai the nucleation and aystal growth rates. 
in this case, for temperatures where the nucleation rate is p a t e r  than ycioul, the crystal 
growth rate is smalla than y d ~ d ,  and at temperatures where the crystal growth rate is 
greater than y,niid, the nucleation rate is l a s  than ycnrmi. For A system described by this 
diagram, the phase transition is kinetically inhibited. Figure Z.2a shows the case where 
there is a region of overlap between the two rate curves. Stable nuclei will form and grow 
in this overlap region; consequently, fkezing will occur. 
FreMng can also occur for systems that are described by figure 2.2b if temperame 
cycling is implementd This concept is used in section 5.3 to explain the fteezing kinetics 
of niûic acid trihydrate. Temperature cycling involves first lowaing the temperature to a 
value whexe the nucleation rate is large than yciod and then raising the temperature to a 
value where the crystal growth rate is largu than ycdad. Skble nuclei form at the lower 
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Figure 2.2 ûverlap of the crystal growth rate and the nucleation rate for two 




Reviously, rcsearchers have used thin films and bulk sampla to rneasure phase 
9475,3233,3435 transition kinetics of mode1 PSCs,' but these experimental methods have two 
limitations. First, the material under investigation is in contact with a surface. This 
introduces the possibility for heterogeneous contributions by the container walls to the 
process under investigation. Second, the size of the samples in these experiments is 
usually much larger than the aaosols found in the polar stratosphere. As a result, the 
possibility of size-dependent effects exists. To overcome thae two Limitations, we have 
measured the phase transition kinetics of model PSCs using suspendcd particles that have 
average sizes similar to those found in the polar stratosphere. This eliminates the 
possibility of heterogeneous contributions fiom containa walls as weii as size dependent 
effects. 
Chapters 4 and 5 present results of measurements carried out on sulfuric acid and 
nitric acid aerosols. The experîmental details for the two systems are different, but the 
general technique is the same. The following is a description of this general technique. 
Included is a description of how the fieezing experiments are perfomed and how the 
physical properties of the aaosols are detamined The details of the experiments are lefi 
to the respective sections. 
3.2 FREEZING EXPERTMENTS 
Freezing experiments consisted of generating liquid aaosols, cooling than to a 
well-dehed temperature, holding the aaosol at this temperature for a specific exposure 
tirne, and findy, demmhhg the fraction of aaosol that crystallized during the exposure 
tirne. 
The method of generating liquid aerosols, the first step in our fieezing experiments, 
varied depeading on the system uxîdu investigation. For sulfuric acid aaosols, the gas 
phase reaction of S Q  with Hz0 was use& and for nitric acid aerosols, gas phase 
condensation of nimc acid and water vapour was used (see the respective sections for a 
det ailed description). 
Once the liquid aerosol is generated, it is cooled to an accurately known 
temperature for a specified tirne. This is accomplished using temperature-controlled flow 
cells. The aaosol particles and carrier gas flow through the temperature-controlled cells at 
a known rate, so the time the particles are exposed to a particular temperature is accurately 
known. Typicdy, the flow rate is 1-3 standard litres per minute (SLPM), and the 
residence tirne is 10-30 seconds. The temperature of the aerosol particles is determined 
from several thamocouples that are attached to the wails of the 80w cells. In a separate 
experiment using similar flow conditions (see section 5.2 for details of this expaiment), it 
was found that the carrier gas rapidly came into equilibRum with the wall. In addition, the 
Mie for relaxation of the temperame of the particle to that of the surroundhg gas was 
determined using the equatiod6 
where r is the characteristic time for temperature equilibration of the particle with the 
surrounding atmosphen, r is the radius of the particle, and a is the thermal difhsivity of 
the particle medium. Using values typicd of our experiments, a characteristic tirne of a 
few tens of miiliseconds was caiculated. Because the aaosol particles corne into 
equilibnum with the carrier gas rapiâiy and the carrier gas coma into equiiibriurn with the 
walls of the 80w ce11 rapidly, the temperature of the aerosol particles is essentially that of 
the walls. Thus, the temperature of the particles is accurately represmted by the 
thamocouples attached to the walls. 
The h a 1  step in our freezing m e a s m e n t  is the detamination of the fraction of 
aerosol that has fiozen during the exposure tirne. This is accomplished with IR 
spectroscopy. IR extinction spectra of the flowing aerosols are recorded and the fraction of 
the aerosols fiozen are deterxnined directly fiom these s p e m  (see section 4.5). 
Experirnents are carried out by first atablishing a particular temperature profile in 
the flow cell. Then the taperature is varied ova the temperature range of intaest while 
extinction spectra are recorded at equal temperature intervals. The result is extinction 
spectra as a function of tempaanue. From these spectra and the measured residence Mies, 
the keezing kinetics are determined ( s e  section 4.5). It is important to note here that the 
total residence tirne of a sample of particles in the flow tube is less than one minute. 
whereas the temperature scan takes several houn. The expcriment thus consists of the 
continuous creation, cooling and obsavation of new particles, ratha than the observation 
of the same sample of particles o v a  a long tirne period. This has the advantages that the 
particle size distribution is invariant with tirne, and the residence t h e  for each particle is 
known and constant. 
3.3 IR SPECTROSCOPY 
From the IR spectmn of an aaosol, three essential pieces of information are 
detamined. First, the phase of the aerosol particles is detennined from the shape and 
intensity of the IR bands. Amorphous liquids or solids exhibit broad absorption bands 
because the molecules occupy a variety of diffuent sites in the sample; in contrat, crystals 
give rise to sharp absorption peaks due to the ordaed arrangement of the molecules in the 
crystal lanices. Second, compositional information is extracted from the aerosol IR 
spectnm. Unda the conditions of our experiments, the magnitude of the absorbance of a 
species is proportional to the concentration of that species. If two different absorbing 
species are present in the aaosol, the ratio of the individual absorption bands is 
proportional to the ratio of the concentrations of the two specia. Finally, the size 
distribution of the aaosol particla is daamined by comparing Mie scattering caldations 
with the aerosol extinction spectrum. More information on this topic is given in section 
3.4. 
The compositions of the suifuric acid aerosols and the stoichiometric nitric acid 
aerosols were determined dircctly from the IR extinction spectra. The compositions of 
non-stoichiomenic HNQ-H20 aerosols, however, were determined in a slightly different 
way. The modifed technique involved vaporizing the aaosol and determining the ratio of 
niûic acid to water fiom the gas phase IR specaum of the resulting vapour. More details 
on this technique are given in section 5.4. 
3.4 AEROSOL SIZE DETERMINATION 
Before kinetics cm be exmacted fkom our keezing expaiments, the size of the 
aaosol particles unda investigation must be detamined This task is further complicated 
because the aerosols generated in our experiments are not monodisperse. In other words, 
our aerosol particles have a distribution of sizes. Therefore, a mathematical function that 
accurately describes this distribution m u t  be detemineci. A log-normal function is used in 
our work for this purpose because it has been employed extaisively in the litmature to 
successfidly mode1 artificiaily produced aaosols.373839~40 This log-nomal function is 
where 
Th:: two unknowns in this function are the geometric radius (rg) mani
deviation (ag). 
d the geometric standard 
The extinction specmim of an aaosol has contributions fiom absorption as well as 
scattering? This contribution of scattering and absorption to the extinction spectnim is 
described mathematicaily by Beer's law which States that the irradiance of a beam of light 
is exponentidy attenuated from 4 to I, in transvasing a slab of aerosol particles a distance 
I: 
where 
C,,(v), Cds (v) and Cm@) are the fiequency dependent extinction, absorption and 
scattering cross sections and N is the nurnba of p d c l e s  p a  unit volume. For particle sizes 
comparable to the wavelength, the C,-(v) of an aerosol varies in a complicated and rapid 
way with radius42; consequently, the extinction spectnim of an aerosol varia  in a similar 
manner. The calculated extinction spectra for .l, .5 and 1 micron ice particles shown in 
figure 3.1 demonstrate this point. This size dependence of the extinction specaum (clearly 
discemible in figure 3.1) pennits the detennination of the particle size parameters (O,, r,) 
from the experimental extinction specmim of the aerosol. 
The technique of extracthg the tme size distribution parameters (O,, r,) from the 
experimental extinction spectnim involves calculating aerosol spectra for a range of 4 and 
r, using Mie t h e o ~ y , " * ~ ~ * ~  and comparing these calculated spectra with the experirnental 
extinction spectmm. The q and r, that generates the best fit to the experimental spectnm 
are considaed the tme size distribution parameters. 
In practice, this site-determining technique involva the following steps. F i t ,  
cross section spectra for a range o, and r, are calculated From a modified version of a 
Fortran code based on that in Bohren and ~ u f f m a n . ~ ~  The original code, which only 
calculates an efficiency (Q,) for one wavelength and one radius, has been modified to 
calculate a cross section (Car) for multiple wavelengths and for a distribution of particle 
sizes. The following equation is used in the modüied code to relate the cross section to the 
efficiency : 
--. 1 .O micron radius 
. . . . . . . 0.5 micron radius - 0.1 micron radius 
Figure 3.1 Calculated extinction spectra of 0.1,0.5, and 1 .O micron ice particles. The 
maximum intensities have been normalized to 1 .O. 
In addition., the cross section for the distribution of sizes is cdculated using the following 
equation : 
r min 
A cross section specmun is related to an extinction specmim through the following 
equation : 
where N is the particle density, I is the optical path length, and Z is the scaling factor. 
Consequently, the second step in the sire detexmination involves determihg a scaling 
factor for each calculated specmim and, subsequently, generating scaled, calculated spectra 
from equation 3.8. A scaiing factor for each calculated specmim is deterrnined by dividing 
the average intensity of the expaimental extinction speanim by the average intensity of 
the cdculated spectrum. Afta the calculated spectra are scaled to the expaimental 
extinction spectrum, the sum of the squares of the ciifferences between the experimmtal 
extinction spectruxn and the scaled, calculated spectra are daermined. This whole procas 
gaierates an array of values with columns of og, rg, N, and the sum of the squares of the 
differenca. Each row in the m y  corresponds to the parameters of one calculated 
spectnim. 
The final step involves plotting the s m  of the squares of the ciifferaices between 
the experimental extinction spcctnim and the scaled calculated spectra in the fom of a 
contour plot with mg and r, on the axes. Figure 3.2, gcnerated from a sodium chloride 
aerosol produced in our laboratory, is an example of bis. The contour Lines in this figure 
represmt the sum of the squares of the clifferences between the experimental sodium 
chloride spectnsm and the calculated sodium chloride spectra. The m e  q and r, associated 
with the b a t  fit to the atperimental spectnm is @en by the minimum in the contou plot. 
Figure 3 2  Contour plot generated for a sodium chloride aerosol. The minium 
in the plot indicates rg= 1 .Z (pm) and a,= 1.55. 
A geometric radius of 1.25 (pm) and a geometric standard deviation of 1.55 are implied 
from this figure. The contour plot s h o w  in figure 3.2 was chosen to illusaate the fuial step 
in our size-determining technique because the topography of this contour map showed a 
single deep weli. This result, howeva, is not always the case. The reason for this and the 
implications for size detamination are discussed in section 4.3. 
Mie theory, the theory used in our size inversion technique, is only exact for 
spherical particles. Thus, our inversion technique is also only exact for spherical particles. 
This is a serious constraint because most of the work described in later chapters involves 
solid aerosols, which are possibly nonspherical. Neverthelas, there is evidence that 
suggests that scatttering fiom non-spherical particles difiers very little from spherical 
particles when a range of particle sizes, shapes, and orientations is involved For example, 
Pope et al. measured the angular dependence of scattuhg From solid ammonia particles 
that were cubic? They found that the scattering could be described v a y  weli by Mie 
theory. P a s ,  and CO-workas dso investigated the angular dependence of scattering from 
cubic salt particles and foucid similar results? In addition, other researchers have found 
that a range of particle sizes removes effects due to nonsphericd particles? This 
experimental evidence suggests that Mie theory and our size inversion technique 




h die stratosphere, sulfunc acid-water aerosols have a mean diameter of about 0.1 
p, and a number dmsity of about 5 particla/crn3.48 These number densities. however, can 
increase by as much as two orders of magnitude from volcanic a ~ t i v i t ~ . ~ '  The 
concmtration of saatospheric sulfunc acid-water aerosols (SSAs) varies dependhg on the 
temperature.JOJ1 Under nomal mid-latitude stratospheric conditions, approximately 120 K 
at an altitude of 20 km, these aerosol particles have a composition in the range of 70-75 
weight percent suifuric acid (wt % H2S04), whereas at polar stratospheic temperama, the 
aerosol can approach 45 wt % H2S04. 2223 
The h t  mechanism proposai to account for the presence of nitric acid in PSCs 
involved the keezing of this stratospheric sulfate aerosol followed by nitric acid trihydrate 
condensation on the solid surface2' (see steps 1 and 2 in figure 1.1). The major assumption 
in this mechanism, free!zing of sulfuric acid-water aerosols, was based on the phase 
diagram for the sulfunc acid-water system, which is displayed in figure 4.1." The labeling 
of the hydrates in this figure has been slightly modified fkom the original publication to 
include the hexahdydrate, which Gable incorrectl y identified as the haahydrate. lg The 
solid curves in this figure separate the regions of stabiiity for the various phases (ice, solid 
HrS04, the liquid and the stable hydrates), and the curva themselves represent conditions 
of coexistence for two different phases. Also included in the figure, represmted by the 
dashed m e ,  is the expected concentration of the stratospheric sulfate aerosol as a function 
of temperature. This m e  was calculated using the mode1 of Tabazadeh et aL5' with 
parameters of 5 ppmv of water vapor and 50 mbar total pressure. For polar stratospheric 
conditions, the dashed curve is weii below the stability region of the liquid phase. This led 
rescarchers to suggest SSAs arc cxystaiîine imda polar stratosphmc conditions. This 
postdate, howeva, assumes that the kinetics of liquid-to-solid phase transitions of suifunc 
acid solutions are fat  under polar stratospheric conditions. Researchas have since 
O 10 20 30 40 50 6û 70 80 90 100 
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Figure 4.1 The temperature-composition phase diagram of the E&SO,-H20 sy stem. 
The dashed line is the expected compositions of stratosphaic sulfate aerosols 
exposed to 5 ppmv of water vapor at 50 mbar altitude. The solid curves correspond 
to the liquid-solid equililmîum temperatures for the stable hydrata. 
investigated the validity of this assumption by probing the fieezhg propexties and kmetics 
of the sulfi.uk acid-water system. 
Research published on this topic pnor to late- 1994 included theoretical 
calculations, but lack of thamodynamic information limited the accuracy of this work. 
Initial calculations by Lou and CO-workers on 60 wt % HzS04 solutions suggested that 
fi-g of a large fkaction of the aerosol to sulfkic acid tetrahydrate (SAT) could occur 
under certain polar stratospheric conditions (time scale of a few hours and temperatures 
fiom 1 95 to 205 K)," y a  ment cdculations by the same group indicated insignificant 
fieezing under sMilar  condition^.'^ In contrat, calculations by Jensen and Toon indicate 
that ice will have a significant nucleation rate ( > 2x10" cm"sec") in dilute sulfiric acid 
solutions at appronimately 35 K below the ice-liquid equilibrium te~n~eratures.~~ 
Prior to late 1994, sevaal fieezing experirnents on bulk solutions of sulfunc acid 
and water were performed. In these studies, both highS6" and 1 0 ~ ~ ~  fkeezing probabilities 
under polar stratospheric conditions were observed Because the solutions were in contact 
with the containa wds ,  the observed freezing could have been initiated by heterogeneous 
nucleation. 
By late-1994, we began a series of extensive studis on the f i d n g  properties of 
H2S04-H20 aerosols because it was clear that the fkeezing kinetics of sulfuric acid 
solutions had not been resolved at that time. This research, which has been partially 
reporteci in the litaatureS8, is descrîbed in this chapta. In addition, the current knowledge 
of sulfunc acid fieezing kinetics and their relationship to PSCs is discussed. 
4.2 EXPERIMENTAL 
The liquid H2S0a0 aerosols are gmerated extemally to the temperature- 
controiied flow ceii by reacting H2qg) with SQ(g). H2qg) is generated by bubbling 
nitrogem through liquid water, and S@(g) is generated by bubbhg nitrogen through 
funiing sulfunc acid (1 8-24 wt % S a ) .  The two separately metered flows of N2-Sa and 
N2-H20 combine at the top of a one-meta-long glass column in which the reaction fomiing 
the aaosol occurs. At the exit of the glas column, the newly formed aerosol passes 
through approximately one meta of Teflon tubing before entering a vertical flow tube. 
The distance from the top of the glass column to the entrance of the flow tube permits 
adequate t h e  for the HrO-SQ reaction to occur. 
Afta the sulfuric acid-wata aerosols are generated, they are studied in a 
temperature-controlled flow tube, which consists of two cooling sections. A diagram of 
this vertical flow tube is show in figure 4.2. The fmt section, a foam insulated stables 
steel tube 4" ID by 10" long, is maintained at approximately 238 K for al1 of these 
experiments by recirculating a refiigerant through cooling coils soldered to the tube walls. 
The refiigerant is either methanol, cooled by a commercial refiigerator (Harris mg. Co. 
Cascade Refrigeration System Mode1 3-RS2-W-L), or the boil-off from liquid nitrogen. 
The second cooling section, shown at the bottom of the figure, is made of copper and 
measures 25.6 inches long by 4 inches square. This cooling section is housed in a second 
chamber, which is evacuated to provide thermal isolation. The temperature of this cooling 
section is controlled by circulating chilled nitrogen through tubing attached to the walls. 
Using this method of cooling, we obtained temperatures as low as 163 K in the final 
section. The temperature of the flow ce11 is monitored with two copper-constantan 
thennocouples attached to the wall of the top section and four attached to the wall of the 
bottom section. As discussed in section 3.2, the temperature of the particles is accurately 
detemined by this method Typically, the flow rate was 2 SLPM at a pressure of 400 torr. 
This gave a residence time (the time the acrosol was exposed to the fmal temperature) of 
approximately 1 minute. 
The final cooling section is equipped with thtee sets of windows through which IR 
spectra can be recorded. For the measurements reported in this chapter, only the bottom set 
of windows was used. The mounts, which hold these windows, were designed so that the 
window surfaces are a few centimetres back fkom the main gas flow. This ensures that the 
windows are not exposed to the amsol flowing in the centrai core of the flow tube, and 
hence eliminates deposits on the windows. This was vaified by taking background spectm 
before the aerosol was introduced into the flow cell and at the end of the experiments, afta 
the aerosol flow was turned off. In al l  cases the spectra were idaitical and no absorption 
features due to the aaosol were present. 












Figure 4.2 Schematic diagram of the temperature-controiled flow tube used in the 
H,SO,-H,O experiments. The aerosols enter fiom the top and are pumped out fkom 
th; bottom. 
stages. In the top section of the flow cell, the aerosol temperature was lowered to 
approximately 238 K, and in the bonom section, it was lowered to the finai observation 
temperature. This method of cooling the aerosol prevaits water vapor in the caiTier gas 
from homogeneously condensing and fonning i ce particles. The H2S 04 -H20  particles 
produced extemaily to the temperature-controlled flow ce11 have a significant water vapor 
pressure. For example, a particle with a concentration of 40 wt % H2S04 has a water vapor 
pressure of approxirnately 10 torr at room temperature. When this aaosol is cooled rapidly 
to a low temperature, the water vapor can either condense on the existing acid aerosol or 
homogeneously condense and form ice particles. In our experiments, however, the aerosol 
is fmt cooled to 238 K, a temperature too high for condensation of ice. (Verification of 
this is presented in section 4.5.) Consequently, the water vapor only condenses on the 
existing acid aerosol. Furtha cooling after the first section does not cause ice particle 
formation extemal to the sulfunc acid-water particles because the fmt section has 
significantly reduced the water vapor. 
A fieezing expairnent consisted of first adjusting the S Q  flow and H20 flow until 
the desired aaosol concentration was produced. Once the desired composition was 
achieved, the temperatures of both sections were set to 238 K. Finally, LR spectra of the 
aerosol were recorded while the temperature of the final section was vaxied from 238 K to 
approximately 160 K The fmt section was maintained at 238 K throughout this 
procedure. 
4.3 SUE DETERMINATION 
Our site inversion technique, which is based on Mie theory, requires the optical 
constants of the material unda investigation in order to compute aerosol extinction spectra. 
The optical constants used to simulate spectra of sulfunc acid-wata aerosols were taken 
fiom refaenfe 59. This work reported optical constants at 6 concentrations: 95.6 wt %, 
84.5 wt %, 75 wt %, 50 wt %, 38 wt %, and 25 wt % sulfuric acid. Optical constants for 
concentrations between these values were generated using splines having nodes at the 
measured values. 
Because the optical constants of sulfuric acid-wata solutions are concentration 
dependent, the concentration of ou. aerosol particles must be known before our size 
inversion technique can be used. This apparent problem is overcome by including the 
concentration as a variable in the size invasion technique. in practice, this involves 
making an intelligent guess, based on published spectra,lg about the sulfunc acid 
concentration in the particles. Then spectra are calculated for a range of r, and a, using the 
optical constants that correspond to this guessed concentration. Next, the sum of squares of 
the differmces between the experimental spectrurn and the calculated spectra are plotted in 
the form of a contour plot (see section 3.4 for a further discussion on this). This whole 
process is then repeated for a range of concentrations. The result of these calculations is 
several contour plots, each associated with a different concentration. The size parameters, 
r, and a,, of our aerosol particles are detexmined fiom the contour plot with the lowest sum 
of the squares of the diffaences. The concentration used to generate this contour is 
assumed to be the concentration of the aerosol particles. 
The solid line in figure 4.3 is an experimental spectnim of a sulfunc acid-water 
aerosol. 85 wt % H2S04 optical constants gave the best fit to this experirnental spectrum, 
and the correspondhg contour plot is shown in figure 4.4. The topography of this contour 
plot is quite diffaait fiom that of the contour plot shown in figure 3.2. A single minimum 
is evident in figure 3.2. In contrast, no well-dehed minimum appears in figure 4.4. 
lnstead a minimum contour nuis diagonaily from the upper lefi to the lower right. Along 
the minimum of figure 4.4, the sums of the squared differences betwem the experimental 
and calculated specna are nearly equai. This indicates that there is a range o v a  which an 
increase in r, can be nearly compensated by a decrease in a,. For this reason, unique size 
distribution parameters cannot be detamined fiom this contour plot. 
This result led to the foliowing question: does a unique solution only occur for big 
particles, such as the NaCl particles described in section 3.4? To address this question, a 
s a i a  of calculations wae performed FKst, three spectra wae  calculated with the 
following parametas: og=l -4 and r,=l.O, 0.5, and 0.25 pm. Our size inversion technique 
was thm used to detamine the size parameters of these spectra. This consisted of 
importing these calculateci spectra into our size inversion code and neating them as 
. . .  ..... Calculated r,=0.36 (pm), og=l .O 
Measured 
Frequency (cmœ1) 
Figure 4 3  Spectra of 85 wt % H2SO4 particles. The solid line is an experîmental s p e c m  
of an aerosol at 250 K. The dashed line is a calculated spectrum that was generated 
with the parameten rg=O .3 6 (pl and ag= 1 .O. 
Figure 4.4 Contour plot generated for a 85 wt % aerosol. 
experimental spectra with unknown ske  parameters. The resulting contour plots are shown 
in figure 4.5, 4.6 and 4.7. Figure 4.5, the contour generated fiom the spectrum with a 
geometric radius of 0.25 p, is very similar to the contour displayed in figure 4.4. The 
minimum contour nuis diagonally from the uppa left to the lower right, and dong the 
minimum contour, the sum of the squares of the differences are nearly equal. The 
topography of the contours in both figure 4.6 and 4.7, however, show a single deep 
minimum. The size parameters infemed from theses deep minima are a,= 1.4 and rg=O. 5 
pm for figure 4.6 and 4 =1.4 and r, =1 .O p for figure 4.7. These values are identical to 
the parameters used to calculate the spectra initially. This suggests that our size inversion 
technique wiil give correct results for large size parameten if accurate optical constants are 
used in the Mie cdculations. Convasely, figure 4.5 suggests that our size inversion 
technique will not give a unique solution for smail size parameters. 
From figure 4.4, we cannot detemine unique size distribution parameters for our 
H2S04-H20 aerosols. Despite this caveat, it is clear that the lowest contour in this figure is 
wider at the lower right end of the minimum and becoma progressively narrower until it 
begins to disappear around rg=O. 13 pm and 0, 4 . 7 .  Thus, limits of the size distribution 
parameters can be inferreci from the shape of the contour plot. The best fit to the 
experimental spectrum occws for paramam correspondhg to this lowest contour with 
uppa b i t s  of rg=O. 13 pm and 4 = 1.7 and lower limits of rg=0.36 pm and a,= 1 .O. (O,= 1 .O 
is the lower limit because it comsponds to a monodisperse aerosol.) The dashed line in 
figure 4.3 is a spectrum calculated with parameters rs=0.36 pm and o,=1.0. Clearly, the 
calculated spectrum reproduca the experimental spectnim very well. 
The results shown in figure 4.4 are typicai of the results we obtained from fitting 
spectra of aerosols with concentrations greata than approltimately 75 wt % H2S04. In al1 
cases, the limits on the size parametas were very similar to the values determined from 
figure 4.4 (upper limits of rf l .13  pm and 0, =1.7 and Iowa limits of rg=0.36 and 
a,=1 .O). However, whm we investigated aerosol particles with concentrations l a s  than 
approximately 75 wt %, a serious problem became evident: the optical constants rqortcd 
in reference 59 are incapable of reproducing low-tempeanire spectra of dilute aerosols 
( a 5  wt %). Thse optical constants were recorded at room temperature? wharas the 
Figure 4 3  Contour plot generated for a calculated specaum with parameters 
rg=0.25 (pm) md ag=l .4. 
Figure 4.6 Contour plot generated for a calculated spectrum with parameters 
rg=O S (p) and q= 1.4. 
Figure 4.7 Contour plot generated for a cslculated spectrum with parameters 
rg= 1 .O (p) and ag= 1.4. 
aerosol spectra were recorded at low temperatureS. This is not a significant problem for 
concentrated (> 75 wt % H2SO4) aerosols, because the spectmm of concentrated solutions 
is relatively insensitive to temperanire.'9 In contrat to this, the spectra of solutions with 
concentrations less than 75 wt % H2SO4 are sensitive to temperature. (This will be 
discussed in greata detail in the following sections.) As a result of this temperature 
dependence, we are unable to detamine log-normal size paramaers for concentrations I s s  
than 75 wt %. We make the approximation that aerosols with concentrations less than 75 
wt % &SO4 generated in our apparatus have similar size parameas to the concentrated 
aaosols generated in our apparatus (upper b i t s  of rg=0.13 pn and 4 =1.7 and lower 
limits of rg=0.36 p and ag=l.O). These iimits are used exclusively in the remainder of 
this chapter to parameterize our H2SO4-H20 aerosols. 
4.4 CONCENTRATION DETERMINATION 
The acid composition was d e t h e d  directly from the aerosol extinction spectra. 
This spectroscopically based method uses the relative areas of the bands associated with 
water and sulfate ions, near 3300 and 1000 cm-', respectively, as a rneasure of the acid 
concentrations. The location of these bands in the room-temperature spectrum of a 50 wt 
% H2S04 aerosol is indicated in figure 4.8. The L 1 lines displayed in the figure encompass 
the OH stretcbg band of water and the L2 lines encompass the sulfate band. A ratio of 
thae two bands equals the ratio of HzS04 and Hz0 in the aerosol multiplieâ by a 
caiibration factor. If this calibration factor is known, the acid concentration of the aerosol 
can be determined directly fiom the extinction specaum. 
One method of obtaining this calibration factor involves recording IR spectra of 
thin films of known acid concentrations, and then relating the ara  of the sulfate and OH 
bands in the spectra to the known concentrations. Anthony et al. employed this method 
and found the ratio of the area of the OH band to the ara  of the sulfate band was 
proportional to the weight percent of sulfuric acid though the following equation:60 
Weight percent acid = - 0.133 + 1 .O76 x 
[S,":t:",rM 
Frequency (cmm1) 
Figure 4 8  Room-temperature specmim of a 50 wt % H2S04 aerosol. The L1 liaes 
indicate the position of the OH band, and the L2 lines indicate the positioa of the 
sulfate band. 
The limits used to define these bands were 3650 and 2409 cm-' for the OH band and 1470 
and 820 cm'' for the sulfate band 
The major limitation associated with this method is that the IR bands and intensities 
are tanpaanue dependent. Thaefore, the use of calibration data based on roorn- 
tempaanire spectra of thin-films introduces some uncaainties when applied to low- 
tempaatw aerosol spectra. The tmpaature dependaice of the spectra stems from the 
fact that the dissociation of H2S04 varies with temperature. Figure 4.9 illustrates this point. 
Shown are spectra fiom 1450 to 750 cm-' of 36 wt % &SO4 particles at 237, 225 and 196 
K. Also included in this figure are the frequencies of the HSO; ion ( 1 167, 1054, and 898 
cm- 1) and the fkequencia of the ~ 0 4 "  ion (1 1 25, 980 cm")!' Clearly, H S 0 i  increases 
with increasing temperature, while ~0~'' increases with decreasing temperature. This 
change with temperature has two consequaices. First, the limits over which the band 
intensities are determined m u t  be chosen carefully, to include ali of the important 
absorption bands, and second, the assumption m u t  be made that the IR spectral absorption 
coefficients of the different species (HSO; and ~04") are approximately the same. The 
detemination of the correct integration limits may be done by careful inspection of the 
spectra, but the latter assumption cannot be quantifie4 so the approximation is made that 
the two sulfate ions have equal absorption strengths. This approach, nevertheleus, appears 
to give good results: the &ta reported in refaence 60 show that the concentrations deriveci 
fiom thin-film spectra t h  at room temperature and at low temperatures differ by only 
3%. 
Another problen associated with using the area of the bands in thin-film spectra to 
detamine concentrations of aerosols stems from the fact that scanaing associated with 
aerosols is not prescnt in thin nIms. Scattering can shift and broadcn absorption bands as 
weli as modify band intcasities. Consequently, thin-film calibration curva may be 
inappropriate for dctermining acrosol composition. This issue wiU be addressed in the 
following paragraphs. 
The second mdhod that can be used to obtain calibration factors involves 
calculating extinction spectra for various known concentrations of the acid, and relating the 
concentration to the ratio of the hydroxyl and sulfate bands in these cdcdated specûa 
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Figure 4.9 Inf'rared spectra of a 36 wt % H$04 aerosol at 237,225, and 196 K. The 
dashed lines indicate the positions of the SOC bands ( 1  125,980 cmœ1), and the dotted 
line indicates the positions of the HS04' bands (1 167, 1057, and 898 cm-'). The 
spectra have been offset in the vertical direction for clarity. 
This method has the advantage that it takes into account the effects of scattering, but 
because only room temperature indices of refiaction are available for H2S04-Hz0 system. 
this method still has uncertainty frorn the temperature dependence of the spectra (see 
above). 
Extinction spectra for room-temperature aerosols having various concentrations 
were calculated, and from these spectra, calibration curves that relate the concentration of 
the aerosol to the ratio of the areas of the hydroxyl and sulfate bands were generated. To 
measure the areas of the absorption bands, it was necessary to establish limiü to begin and 
end the integration. Shown in figure 4.10 are the limits suggested in reference 60, as well 
as a calculated aerosol specmun (r,=0.36 p and a,=1 .O). These integration limits, 
5 
represented by the vertical lines, do a reasonable job of including al1 of the appropnate 
bands, but close inspection reveals that the limit at 3650 cm" doa not include the entire 
hydroxyl band. To include all of the bands and follow the small shifts introduced by both 
scattering and temperature dependaice, we have used only one fixed Limit (2409 cm") and 
set the othm at the ends of the respective bands. In practice, the end of the band is d e h e d  
to be the location of the minimum in the sp- that immediately follows the last 
absorption featwe. 
The error associated with estimating concentrations fkom a thin film calibration 
cuve can be deterxnined with this new calibration technique. Fint, the calibration cuve of 
a thin film is approximated with the calibration curve of an aerosol having a small particle 
size (rg=0.03 pm and op1 .O). Aerosols in this size range do not scatter light significantiy; 
hence, the calculated aerosol extinction spectnun is similar to the spectnun of a thin film. 
Next, this calibration curve is cornpared to the calibration curve generated for an aerosol 
having a particle size of that under investigation. Typicai size parameters of our H2S04- 
Hz0 auosois are rg=0.36 pm and ~ , = l  .O. Shown in figure 4.1 1 is the calibration curve that 
was genaated with these parameters, and the calibration curve that was gmerated for an 
aerosol with rg=0.03 p. Clearly, these two calibration m e s  are different. In fact, the 
concentration of rg=0.36 pm aerosol is underestimateci by about 4 % using the calibration 
cuve that approhates a thin-film calibration curve. Note that the parameters rg=û.36 pm 
and ~ ~ 4 . 0  are only one of the lirnits which describe the size of our aerosols (see section 
Frequency (cm4) 
Figure 4.1 0 Room-temperature spectnirn of a 50 wt % H2SO4 aerosol. The size 
parameters of this aerosol are rfl.36 (pm) and ag=l.O. The L1 and L2 lines indicate 
the integration limits used in reference 60. 
Figure 4.11 Calibration curves used to detemine the H2S04 particle concentration 
f?om the ratio of the hydroxyl and sulfate bands. The solid c w e  was calculated with 
the parameters r p . 3 6  pn and ag=l .O, and the dashed curve was calculated with 
the parameters rg=0.03 and 0 ~ 4 . 0 .  These curves are based on spectra 
calculated fiom room-temperature optical constants. 
4.3). Nevertheless, calibration curves calculated for any combination of r, and ug that lie 
dong the bottom contour of figure 4.4 are identical to the calibration curve calculated with 
the parameters rg=0.36 and a,= 1 .O. 
The calibration cuves shown in figure 4.1 1 are parameterised in the same form as 
that of reference 60: [H2S04]=a+bxc, where x is the ratio of hydroxyl band to the sulfate 
band and [H2S04] is the acid weeight fraction. The values of the parameters are, for r,= 0.03 
pm, a= -0.173, b= 1.01, and c= -0.388 and, for r,= 0.36 p, a= -0.268, b= 1.124 and c= 
-0.3164. The parameters corresponding to rg=0.36 pm wae used to determine the 
concentration of al1 the low-temperature aerosols composed of sulfuric acid and wata. The 
mor  associated with this calibration technique due to the temperature dependence of the 
spectra is estimated to be f 3 wt % (the temperature dqendent mor  reported in reference 
60). 
4.5 DILUTE HzS04-H20 AEROSOLS 
4. S. I Results 
During initial experiments on the sulfuric acid-wata system, we observed that ice 
precipitates out of sulfuric acid-water aerosol particles with compositions l a s  than 35 wt % 
H2S04 (verification of this is given below). Accordingly, we pafonned a series of 
measuranents to detamine the precise temperature at which ice first appears. The 
concmtrations investigated in these expaiments (<35 wt ?6 H2S04) are less than the 
concentrations predicted by m e n t  stratospheric models (75 to 45 wt % HzS04); 
neverthelas, these measurements are of atmospheric interest because cimis clouds are 
believed to fom by the precipitation of ice in aerosols with a sulhaic acid concentration 
less than 35 wt %Fi" Furthmore, in the future, dilute H2SO4 aerosols may be important 
in the stratosphere if conditions such as temperature or trace gas concentrations change. 
Freezing qerirnmts on dilute ( ~ 3 5  wt %) ssulfunc acid-water aerosols consisted of 
recording spectra of the aerosols ova  a wide temperature range. Shown in figure 4.12 sirr 
results fiom one of these experiments. Displayed are s p e m  of 30 wt % HzSOs particles at 
temperatures ranging fiom 220 K to 170 K. The lowest three spectra in this figure are v a y  
similar. In fact, as the aaosol is cooled fiom room temperature to 206 K, ai i  the features in 
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Figure 4.12 Temperature dependence of the obsewed extinction spectrum of a 
30 wt % H2S04 aerosol. The spectra have been offset in the vertical direction for 
clarity. 
the IR spectrum show only very small changes, which are consistent with cooling of the 
liquid aerosol. The broad maximum of the OH feature shifts slowly with temperanire from 
i n  room temperature value near 3430 cm-' to near 3360 cm-', and the sulfate absorptions 
change in a way which is consistent with the temperature dependeme of the equilibrium 
constants from HISOJ ionization. (See section 4.4 for a îurther discussion of this shifi.) 
The three higher temperature spectra in figure 4.12 also have sharp (but weak) 
features in both the 3000 cm-' and 1500 cm-' regions. These features are due to water 
vapor, which is in equilibrium with the aerosol. Note that these sharp features are not 
caused by water vapor extemal to the cell. The optical path is purged fkom source to 
detector, and the final spectmm consists of the ratio of the sample to the background In 
principle, the intensitia of these water vapor absorptions could be used to provide a direct 
determination of the aerosol concentration, but because the signal to noise of these peaks is 
poor, such a calibration was not attempted. To produce extinction featurs axising from the 
aerosol particles alone, we have removed the wata vapor lines from al1 other aerosol 
spectra displayed in this chapta. This was accomplished by subtracting from the aerosol 
spectra a specmun of only water vapor. 
The OH stretching region in the 170 K specmim is significantly âifferent than the 
OH stretching region in the higher temperature spectra: the OH band in the 170 K spectrum 
is more intense and the maximum is sharper. The subuaction of the 170 K spectnim from 
the 180 K spectrum makes these changes more apparent, as shown in figure 4.13. The 
solid h e  is the result of subtracting the higher temperature spectrum from the lower one. 
Thus, componmts that increase in concentration with decreasing temperature show an 
absorption change that is greater than zero. The signifiant changes that have occurred 
over the temperature range are indicated by arrows. There is an increase in the absorption 
intensity at 3230 cm", which signals the appearance of ice in the aerosol particle, and also, 
thme is a âecrease in the absorption intensity at 3530 cm-', which signals the disappearance 
of liquid wata. There are smaller changes in the sulfate ion features near 1000 cm-' : the 
intensity of the SO;' absorption band increases and the intensity of the HS0i absorption 
band demeases. 
Figure 4.13 Solid spectmm: subtraction of the two lowest extinction spectra in figure 4.12. 
Excursions upward and downward from zero signify (respectively ) increases and reductions 
in the concentrations of the components. Dashed spectnun: calculated spectrum of a HzO(s) 
particle with size parameters r f l .  l pm and a,= 1 .O. 
To support our contention that the feature at 3230 cm-' in the subuacted specaa 
represents the formation of ice, we show, as the dashed curve in the figure 4.13, a 
calculated specmun of a monodisperse sample of ice particles that have radii of O. 1 Pm. 
The fact that the calcdated cuve matches the measured specaum closely supports the 
suggestion that a very small crystal of ice has appeared in the sample. A radius of 0.1 pn 
was chosen because it is the largest size that gives a spectnim of this shape. The spectra of 
parcicles of this size and smaller al1 have asentially the same shapes. 
The srnail ciifferaices between the calculated and measured curves in figure 4.13 
are qualitatively in the directions expected from our proposed fieezing mechanism. The 
measured cuve should be below the calculated one on the high-frequency side. due to the 
disappearance of liquid water. The difference on the low-fkequency side may be due to the 
assumption that the ice crystal is isolated; whaeas, in reality the ice crystal is enclosed by 
an envelope of unfrozen sulfuric acid solution. This system would be more appropnately 
represented by a coated sphae calculation. 
The changes just described and modelled represent ice formation inside the &S04 
aerosol droplet, as opposed to the formation of an ice aerosol extanal to the H2S04 
droplets. The first cooling stage in the flow tube elhinates the latter possibility (this has 
been discussed in section 4.2). We have verified that no nucleation of ice particles occurs 
whm pure water vapour is passed through the flow tube with the temperature profile used 
in o u  fieezing expeiments. The observed nucleation of ice in these experiments, 
therefore, m u t  occur inside the aerosol droplet. 
The precise temperature at which ice formed in the aerosol panicla was determined 
by monitoring the 3230 cm-' peak as a function of temperature. Initially, the intensity of 
this peak was cietennineci directly ftom the absorption spectra, but the intensity changes 
w a e  not large eaough to detemine the precise freezing temperature. To ga a more 
accurate m a u r e  of the fieezing point, we subtracted each speceum fiom the one 
rneasurt'd at the next lower temperature, as shown in figure 4.13. Then the measured 
change in the intensity of the 3230 cm-' peak (detefmined fiom these subtraction spectra) 
was divided by the temperature difference between the two spectra. The r d t  is the rate of 
change of the 3230 cm-' feature with temperature. Resuits fiom this procedure are shown 
in figure 4.14. We interpret the intensity of the feature at 3230 cm" in the subtracted 
spectra to be proportional to the amount of ice which has precipitated as a result of the 
decrease in temperature, so the amplitudes of the curves in Figure 4.1 4 are proportional to 
the amount of material which precipitata per degree K. Each of thse curves has a rapid 
rise on the higher temperature side, goes through a maximum, then decreases until it a 
reaches a point where the slope changes and a "tail" extends toward lowa temperatures. 
These c w e s  are approximately the numerical derivative of the change in amount of ice, so 
this shape indicates that, with decreasing temperature, the precipitation rate of ice increases 
rapidly at h t ,  then decreases smoothly until the break in the curve, where the amount of 
ice continues to increase, but at a slower rate. 
For the aystal growth rate to be important in the freezing process represented by 
figure 4.14, the diffusion time of H20 molecula in the solution must be longer than the 
time the aerosols are at the âeezhg temperature. The diffusion time c m  be estimated with 
the following equation: 
where (x) is the net distance traveiled on average by a molecule in a time t if it is diffusing 
in a medium with a diffusion coefficient D. The diffusion coeficient, needed for equation 
4.2, is defined as 
where q is the solution viscosity, a is the effective radius of a H20 molecule, T is the 
temperature, and k is the Boltzmann constant. Using thae two equations, a solution 
viscosity of 5.0 P at 200 K, and an effective radius of 300 pm, we calculateâ that an H20 
molecule would take, on average, only 0.5 seconds to diffuse 0.75 microns which is the 
average diameter of our paxticles. Since this time is much shorter than the tirne the aerosol 
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Figure 4.14 Rate of change of the 3230 cm'' feature, labeled (+)H20(s) in figure 4.13, 
with decreasing temperature for a range of aerosol concentrations. The curves are spline 
fits to the data points, which have been omitted fkom dl except the 19.9 wt % data for 
clanty. 
is at the low tanperature (approximately 1 minute), crystal growth does not limit the 
Freezing process. 
Because the crystal growth rate is fast on the t h e  scde of our experiments. the 
nucleation rate must determine the freezing rate. Accordingly, the finite width of the 
curves in figure 4.14 mut  refiect the fact that an ice nucleus forms and grows to its 
equilibrium size in an increasing number of the aerosol particles as the temperature 
demeases. In this event, the break in dope on the low-temperature side of the curves 
corresponds to the point at which an ice crystal has formed in al1 of the aerosol particles. 
The ranaining "taiis" on the curves denote the additional ice that precipitates as the system 
follows the solid-liquid equilibrium cuve downward with decreasing temperature. 
A freezing curve for dilute sulfuric acid aerosols, shown in figure 4.15, was 
constnicted by plotting the temperatures at which ice fust appears in the IR spectnim 
versus the concentration of the aerosols. The solid circular points are the results from the 
freezing measurernents and the line going through the points is a least squares fit to the 
data The point at zero wt % HzS04 represents the fkeezing temperature of a liquid water 
aerosol, which we rneasured by the same spectroscopic technique in an earlia experiment. 
The particles used in the latta experiment were somewhat larger (r, = 1.2 pm and a, = 
1.55). In view of this diffaence, an aror bar of + 3 K is associated with this point; the 
other &ta have a tempaature uncertainty of approximately k 1.5 K. Also shown in figure 
4.15 is part of the phase diapimi for the sulfuric acid-wata .stem. Our rneasured fieezing 
points are about 35 K below the fieezing temperatures predicted by the phase diagram. 
The rate of homogeneous nucleation associated with the freezing c u v e  in figure 
4.15 curve can be calculated fiom classical nucleation theory? The rate limiting step in 
our &S04-H@ experiments is homogeneous nucleation: 
particle@ 4 particle(1) + stable nuclei (4.4) 
where J is the rate of formation of stable nuclei per unit volume and per unit time. Since 
the îreezing process is not limited by the growth of the stable nuclei (proof of this was 
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Figure 4.15 Freezing curve for dilute sulfbric acid arosols. The solid circular 
points are the results from the fmzing measurements and the line going through 
the points is a least squares fit to the data. 
given above), the kafaon of particles fiozen [F,(t)J reflects the homogeneous nucleation 
rate 
F, (t) = 1 - exp[-J(T) V t] 
whae Y is the volume of the particle and r is the rime that the particles are held at the 
freezîng temperature. This equation, however, only applies to monodisperse aerosols. As 
discussed in section 3.4, our aerosols are describeci by a log-normal function: 
When the log-nomal distribution is included in equation 4.5, the result is an equation that 
relates the homogeneous nucleation rate to experimental observables: 
In this equation, VoIume-Fs (t) represents the hct ion of the total aerosol volume that has 
fiozen in time t. 
AU the variables in equation 4.7, except J, are lmown fkom our experiment. 
Consequently, we can use equation 4.7 to calculate the I value associated with the fieezing 
c w e  shown in figure 4.15. The time (t) that the aerosol is exposed to the fieezhg 
temperature is approximately 1 minute. The log-nomal size distribution parameters (r, and 
ag) are known fkom our size inversion technique (see section 4.3). In addition, the haction 
of the total aaosol volume that has fiozen [Vofume-Fs (9 J in time t can be detamineci hoom 
figure 4.14 (see below). 
As discussed above, the break in the dope of the low-temperame side of the curves 
in figure 4.14 corresponds to the point at which al l  the aerosol particla have an ice crystal, 
and also, these m a  represent the derivative of the change in the amount of ice. 
Consequently, the integral under one of these curves (fiom the high temperature side to the 
point where the slope on the low-temperature side breaks) is proportional to the total 
volume fiozen. It follows that integrating a fraction of a freezing curve and dividing by the 
total area under the curve gives the fiaction of the aerosol volume that has fiozen 
[Volume - Fs (01. The fiaction frozen associated with the fieezhg curve in figure 4.15 was 
detcmiined by integrating fiom the onset of the fieezhg curve to the temperature where ice 
h t  appeared in the IR spechum and by dividing this fiactional area by the total area under 
the cuve. For each point in figure 4.15, the calculated fraction frozen was slightly 
different. The average value was 5 % with an upper and lowa limit of 7 % and 2 %, 
respectively. These limits were included in the uncertainty of the rate constant. 
Using equation 4.7 and the exphen ta1  observables discussed in the previous two 
paragraphs, we determined that the homogeneous nucleation rate (J) associated with our 
freezing eurve (figure 4.15) is between 4x10" ~rn-~sec.' and 1 x109 cm"sec-l. The 
uocertainty in J stems from the uncertainty in residence t h e  of the aerosol, the uncertainty 
in the fraction fiozen, and the uncextainty in the size parameten determined from figure 
4.4. 
In the above paragraphs, it was assumed that homogeneous nucleation was the 
dominant mechanism for the formation of stable nuclei. If heterogeneous nucleation had 
occurred severai expeximental inconsistencies would have resulted First, freezing 
temperatures would have varied irreproducibly for different expaimaits, diffment gas 
bonles, and so forth, due to the different amounts of contamination expected to occur as the 
apparatus is disassanbleà for cleaning, window change, etc. ûur observed fieezing 
temperatUres, however, followed a consistent and reproducible trend as shown in figure 
4.15. Furthemore, the typical particle number density for these expaimcnts is 
approximately 1x10' cmJ (this number was determined fkom Mie scattering calculatiom), 
and if dust parricles connibuteci substantially to the freezhg, either each of the particla 
would have to con& a dut  particle, implying a v a y  dirty gas supply, or some fiaction of 
the sample wouid fieeze at a notably diffamt temperature fiom the rest, which was neva  
observed. 
4.5.2 Discussion 
Mackenzie et ai!', Jensen et ut.", and Clapp et al.' have investigated the 
tanpaatures at which ice precipitates out of sulfunc acid-wata pariides and the associated 
homogeneous nucleation rates of this fieezing process. The freezing cuves and points 
detennined by these authon as well as our fieenrig points are displayed in figure 4.16, 
which has been taken fiom Mackenzie et al. The solid curves, which were calculated by 
MacKeMe et al. using the "Turbuil correlation", correspond to J values of, from the upper 
curve, 6.9~ IO-', 6.9~ 1 v2, 6.9~ 1 03, 6.9~1 08,and 6 . 9 ~  10" cm-'sec-'. The dashed curve, 
which was calculated by Jensen et ai. ushg classical nucleation theory, corresponds to a J 
of 2 . 3 ~  1011 cm4sec". The triangles, which are the freezing temperatures reponed by Clapp 
et al., correspond to a J value of 7 . 4 ~ 1 0 ~  crn"se~'~, and findy,  the rhombic points 
represent the fieezing points from our measurements, which as mentioned previously 
correspond to a J value between 1 x 1 0' cm'3sec'' and 4x 1 0' cm" sec''. Our J values are in 
reasonable agreement with both theory and the experimental data At concentrations less 
than 25 wt % H2S04, our results are very similar to the calculations, whereas at higha 
concentrations, our measured fkeezing temperatures are approximately 10 K below the 
calculations. Sirnilarly, our freezing temperatures agree with the Clapp et al. data at 25 wt 
% H2S04, but our fieezing temperatures are approximately 10 K below the Clapp et al. data 
at concentrations grata than 30 wt % H2S04. The Clapp et al. experimental technique is 
v a y  similar to our technique; therefore, the ciifference in the £inal results is likely due to 
the diffacnt methods of concentration determination. Our concentrations wae  determined 
by a size dependent calibration m e ,  whereas Clapp et al. detamined their concentrations 
with a thin-film calibration curve. 
Our work has shown that ice precipitates out of sub-micron aerosols in less than 
approximately 1 minute for acid concentrations less than 35 wt % H2S04. Recent models, 
howevu, have suggested that the stratosphaic sulfate aaosol wiil not become more diiute 
than approximately 45 wt % ~ 2 ~ 0 4 . ~ "  Consequmtly, the formation of ice in a binary 
HtS04-HzO aaosol is not a possible mechankm for solid PSC fmation. Cimis clouds, 
howeva, are believecî to form by this rne~hanism.~~~ Prior to the publication of our 
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Figure 4.16 Cornparison of theoretical fieezing curves with experirnents. The solid 
curva correspond to J values of, fkom the upper c w e ,  6.9~ 1e7, 6 . 9 ~  1 C2, 
6.9~ l@,6.!h IO8, and 6.9~ 1 0i3 ~m-~sec-l. The dashed c w e  corresponds to a J value 
of 2 . 3 ~  1011 ~ m - ~ s e c - ~ ,  and the triangles correspond to a J value of 7 . 4 ~  109 ~rn-~sec-~ .  
A J value between 1 x 109 and 4 x  1 01° c~n-~sec-l is associated with the 
rhombic points. (Figure takm fiom reference 65) 
results, no experimental data existed that could confirm this mechanism. Our results have 
confirmed this mechanism, as well as provided rate constants, which c m  be used in 
modelling shidies of c i m  cloud formation. 
4.6 CONCENTRATED H2S04-Hz0 AEROSOLS 
4.6.1 Remb 
Freezing measurmcnts similar to the ones described in the previous section were 
performed on concentrated ( ~ 3 5  wt %) H2S04-H20 aaosols. The concenirations 
investigated in this work covu the entire range of importance to current siratospheric 
models. The primary goal was to determine if H2S04-&O aaosols with these 
concentrations freue when exposed to stratosphaic temperatures. The vertical lines in 
figure 4.17 show the concentration and temperature ranges investigated. Each solid line 
corresponds to one expairnent where an aerosol of a certain composition was monitored 
over a range of temperatura. Included in this figure for cornparison purposes is the phase 
diagram of the sulfuric acid-wata system, our fieezing curve which was described in the 
previous section, and the temperature-concentration trend of SSAs predicted by the 
Tabazadeh et al. '' model. 
Figures 4.18 shows results fiom the fieezing experiment performed on a 36 wt % 
HzS04 aerosol. The only major change in the aerosol spectnun with cooling is ratio of 
~ 0 4 "  and HSOi. At the warmest temperature, the three peaks due to HSOi (1 167, 1054, 
and 898 cm-') are predominant, while at the coldest temperatun the largest ~ 0 4 ' -  peak 
(1 125 dl) predominates. In addition to the change in the sulfate region, thae is aiso a 
minor narrowing and shifüng of the OH band with decreasing temperature. However, there 
are no distinctive features in the specttum that indicate fieezing of the particles. (If ice or a 
hyârate did fom in the liquid particla, the band shapes and intensities in the spectnim 
would be significantly different.) 1 9.56 
Figure 4.19 shows a second series of spectra fiom these experiment.. In this case, 
speztra as fundon of temperature are shown for a 60 wt % aerosol. The only major 
change with decreasing temperature is the shift in the SO?- and HSOi ratio. This is the 
same trend that was observed in the 36 wt % H2S04 spectra. In faa, a similar trcnd was 
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Figure 4.17 The vertical lines represent the concentrations and temperatures used in the 
freezing measurcments. Each solid line comsonds to one experiment where an aerosol 
of a certain composition was monitored over a range of tempcratures. The dashed line is 
the expected compositions of stratospheric sulfate aerosols exposed to 5 ppmv of water 
vapor at 50 mbm altitude. 
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Figure 4.18 Temperature dependent spectra of a 36 wt % H2SO4 aerosol. 
The spectra have been offset in the vertical direction for clarity. 
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Figure 4.19 Temperame dependent spectra of a 60 wt % H2S04 aerosol. 
The spectra have been offset in the v d c a l  direction for clarity. 
observeci for aU concentrated aerosols (>35 wt % H2S04): no changes occurred which 
could be amibuted to crystallization of the aerosol. ui addition to monitoring absorption 
spectra as a function of temperature, we also took ratios of successive spectra to make 
changes more discemable. (This technique was also used in the dilute work to detect the 
precise temperature at which ice formed in the aerosol.) Even using this sensitive 
technique, we did not see any changes that could be associateci with freezing. 
The compositions and temperatures we investigated cover the relevant stratospheric 
temperatures and compositions, as illustrated by the ovelap of the vertical lines and the 
composition-temperature trend in figure 4.17. In these expaiments, no signs of freezing 
were obsemed. Therefore, our results show that sub-micron aerosols of sulhinc acid and 
water do not &eue in l a s  than approximately 1 minute whm stratospheric temperatures 
and compositions are used. 
From our measurements, we can estimate an upper b i t  of the homogeneous 
nucleation rate for concentrated H2S04-H20 aexosols. Since the conditions (flow rates and 
particle sizes) for the concentrated experiments were approximately the same as the dilute 
experiments, the upper b i t  is the largest J value detennined in the previous section: 
4 x 1 0 ~ ~  ~rn'~sec? This, of course, assumes that our sensitivity to fieezing, which was 
previously estimateci to be 5 % of the total aerosol volume, is the same in both the dilute 
and concentrated experiments. 
4.6 2 Discussion 
Since our original investigation of sulfuric acid-wata aerosols, s e v d  researchas 
have reported on the fkeezing propdes of micron and sub-micron droplets of sulfunc acid 
and water. 6066"*68 in aii these studia, no fieezing was obsexved for concentratcd droplets 
(235 wt % H2S04) at stratosphericaily relevant temperatures (>194 K), a result which is 
consistent with our bdings. Upper lirnits for J ranging from 1 x 10" to 1 x 1 d ~m'~sec*' 
were detennined in these studies. 
Che group of researchm, Imre et al., did obsave fieezing of HzS04-H20 droplets 
with concentrations grtater than 35 wt %f9 These authors reportcd that 44 wt % H2S04- 
H20 particles fieeze to sulfunc acid octahydrate at 166 K. This finding is not inconsistent 
with other results because 166 K is well below the temperatures investigated by most 
researchers. Researchers, including ourselves, who did investigate fieezing propahes at 
this low temperature, did not see the octahydrate form because of the differences in 
observation times. h e  et al. noted that it took approximately 4 to 5 hours for the aerosol 
to completely crystallue as sulfuric acid octahydrate. 
For 10 % of the stratosphaic sulfate aerosol to freue within 1 year (comparable to 
the nanird lifetime of the sulfate aerosol) sulfunc acid solutions must have a J value larga 
than 1x10~ cm'.'secl. This value was detamined from equation 4.5 and fiom the 
assumption that stratosphaic particles have a diameter of 0.1 microns. Carleton et al., 
however, reported for stratospheric conditions an upper limit of approximately l x l d  
cm"sec-l for J? in addition, recent experiments indicate that bulk samples of sulfuric acid 
and water do not fieeze under stratospheric c~nditions.'~"~ These measuremaits provide 
an even better constraint for the homogeneous nucleation rate because of the larga sample 
sizes and longer obsmations tirnes used in bulk experiments. For example, Koop et al. 
determined an upper limit of 1x10'' using bulk ~ a m ~ l e s . ' ~  This experimentai 
evidence reveals that homogenous fkeePng of stratospheric HzS04-HzO aerosols is an 




Recent equilibrium models predict that stratosphuic sulfate particles take up gas 
phase HNa at tempcratures below approximately 200  K.^'^ (This of course assumes the 
sulfate aerosol remains liquid d o m  to 200 K.) These models predict that stratospheric 
pdc les  are sulf'uric acid-water solutions at temperatures great a than approximately 200 
K, temary solutions at temperatures between 200 K and 190 K, and dilute solutions of 
nitric acid and water, with a small fraction of sulfuric acid (< 5 wt %) at temperatures 
below approximately 190 K. This change in particle composition with decreasing 
temperature is shown in figure 5.1. The cuves, reproduced from refaence '3, were 
calculated with the following parametas: 5 ppmv of H20, 5 ppbv of H N a ,  0.036 mg/m3 
of H2S04 and a total pressure of 100 mbar. The solid line in this figure shows how the 
composition of the binary sulfiaic-acid aerosol wouid change if gas phase uptake of HN03 
did not occur. 
Ln addition to the equilibrium models, Meilinger et al? and Tsias et al." showed 
that rapid temperature fluctuations in the stratosphere c m  cause the liquid temary aerosols 
desdeci above to depart considmbly fiom their equilibrium compositions due to the 
d ih ive ly  hindered uptake of HNQ by large âroplets. (Such rapid temperature 
fluctuations can be produced fiom mountain waves: a sudden rise in an air mass as it passes 
over a mountainous region.) These non-equilibrium models predict that the composition of 
the smaü &oplets can approach a pure binary nitric acid solution with niait acid 
concentrations ranging f?om 52 to 58 wt % acid and sulfunc acid concentrations less than 
.O1 wt % (step 8 in figure 1.1). This fïnding led the authors of the non-equiîibrium models 
to speculate that the nittic acid-water aerosols formed during rapid temperature fluctuations 
would fkeeze as nitxic acid trihydrate or nitric acid dihydrate (step 9 in figure 1.1). 
The nitric acid-wata system has received considerable attention in the pst .  
PrMous work, which has included phase dia gram^'*" vapor pressure, n,16 and 
Figure 5.1 Expected composition of polar stratosphaic aaosols as a fiînction of 
temperature. The cuives were calculated using the following conditions: 5 ppmv 
of &O, 5 ppbv of HNO,, 0.036 mg/m3 of H2S04 and a total pressure of 100 mbar. 
The solid iine shows how the composition of the binary suifbric acid-water aerosol 
would change with temperature if gas phase uptake of HNO, did not occur. 
(Figure reproduceâ fiom refuence 23) 
spectroscopie s t ~ d i e s , ~ ~ ' ~ ~  has identified three stable hydrates: nitric acid monohydrate 
(NAM), nitric acid dihydrate (NAD), and nitric acid trihydrate (NAT). The stability 
regions of thse hydrates as well as the stability regions of ice and solid nittic acid are 
displayed in figure 5.2." Clearly , the solid-liquid co-existence temperature for al1 
compositions is well above polar stratospheric temperatures. This supports the "Meilinger 
et al. and Tsias et al. fieezing mechanism," but as mentioned repeatedly in this thesis, the 
he t i c s  of liquid-to-solid phase transitions must also be considered. 
Several researchers have investigated the fieezing kinetics of bulk nitric acid 
solutions with concentrations similar to those predicted by Meilhger et al. and Tsias et al. 
(52 to 58 wt % FIN@). Molina et al. observed crystallization in less than 12 minutes at 
196 K for 48 % wt HNC& so l~ t ions .~~  Song obsaved freezing within one hour at 
temperatures ranging fkom 217 K to 205 K for concentrations ranging from 53 to 64 % wt 
HNQ." ~ h a l l y ,  Koop et al., using concentrations ranging fiom 45 to 64 wt % H N q ,  
observed rapid Eeezing at temperatures ranghg from 214 K to 226 K." The work f?om 
these three groups suggest that solutions with concentrations ranging kom 45 to 64 wt % 
exhibited fast nucleation and aystallization at polar stratospheric temperatures. The 
solutions probed by thae researchers, however, were in contact with a surface. As a result, 
the observed fieezhg temperatures are only upper limits to the m e  homogenous fkeezing 
temperatures due to the possibility of hetcrogeneous nucleation. It is not clear fiom these 
raults whether the same fast rates will be observed for micron sized droplets free of 
heterogeneous nucleation sites. 
The uncertakties about the fieezing kinetics of nitric acid-water aerosols make it 
clear that direct laboratory measurements on HNa-HtO aerosols are needed Accordingly, 
we pafonned a s e r i a  of experiments that addressed these unceztainties. Experiments 
includeâ Eeezing measurements on 3: 1 (moles HIOmoles HNa) and 2: 1 stoichiometric 
particles and keezing measurements of non-stoichiomeaic particles ranging in composition 
fiom 3: 1 to 1.2: 1. This research, which has been partially reported in the l i t a a t ~ r e > 7 ~ * ~  is 
described in this chiipta. The goal of this research was to understand the fieezing of nitnc 







Figure 5.2 Phase diagram of the nitric acid-water system. The figure was reproduced 
fiom reference 72. 
Tsias et al. fieezing mechanism" (step 9 in the transition diagram display ed in figure 1 . l )  in 
particular. 
5.2 NITRIC ACID DIHYDRATE AEROSOLS 
The h t  crystallhe phase we observed while studying nitric acid-water aerosols 
was nitric acid dihydrate (NAD). Upon M e r  investigation, we noticed that this crystal 
formed readily for a range of aerosol compositions. This finding led us to hvestigate in 
detail the fkeezhg properties of 2: 1 aerosols. (The notation x:y, whae x refers to moles of 
water and y refers to moles of nitric acid, is used almost exclusively in this chapter to 
define the composition). First, a technique of generating and characterizhg a 2:l liquid 
aerosol was developed, and then ûeezing measurements were performed on this 
stoichiometric aerosol. The spectroscopie techniques used in these measwements are the 
same as in the sulfate expaiments, but several aspects of this experiment are eitha 
different or improved since the sulfate work. 
S. 2.1 Expcrimetttal 
A schematic of the flow tube used in these measurements is shown in figure 5.3 
The flow tube, 3.5" ID, consists of three copper sections separated and thermaliy isolated 
by thin-walled stainless steel bellows. The h t  (inlet) and second sections are each 9" long 
and the final (observation) section is 23" long. The temperatures of ail three sections can 
be varied independentîy fkom room temperature to 120 K by flowing cooled Nz through 
copper tubing soldered to the w d s  of each section. The t h m a i  isolation provided by the 
thin walled stainless beiîows pexmits temperature ciifferaices of 100 K to exist between 
adjacent sections, while their individual temperatures can be stabilized to better than t 1.5 
K. The 80w tube is mounted inside a 6" square stainless steel vacuum jacket, for thamal 
insulation. 
Three copper/constantan thamocouples, accurate to f 1 K, are fixeci to the wail of 
each of the inlet and middle sections, and four are located on the waU of the observation 
section. These temperatures are monitored continuously durkg each expairnent and do 







Figure 5 3  Schematic cross section of the double walled flow tube apparatus. Not 
ail gas and coolant inlets are shown. Coolant circuits for al1 three copper sections 
are independent. 
To detamine how rapidly the gas temperature equilibrates with the wall temperature of this 
new flow tube, a long nylon rod fitted with two thermocouples was moved axially along 
the tube, to measure directly the gas temperature profile along the centre axis of the flow 
tube. In addition, thermocouples flxed to a small ann attached to the rod at right angles to 
its axis were used to look for radial temperature gradients. Unda typical experimental 
conditions (flow: 2.5 SLPM; pressure: 250 tom) tbese measments  showed that the 
temperature of the gas radially across the tube is withh 1 K (the accuracy of the 
thermocouples) of the wall temperature in each of the sections, and the axial gas 
temperature reacha the wall temperature within the first inch after the gas enters a cooling 
section. Thaeafter the radial and axial temperature gradients in each of the sections are 
less than the uncertainty quoted above. 
The aerosol extinction spectra are recorded with a Mattson 6021 spectrometer 
opaating at 8 cm" resolution over the range 4500 cm" to 500 cm". The obsavations are 
made in single pass mode perpaidicular to the flowing aerosol Stream through ZnS 
windows located near the end of the final section. In a sirnilar manner to the sulfuric acid 
experiments, background spectra are recorded immediately before the aerosol is introduced 
into the tube and immediately afta the fieezitlg experiment when the aerosol flow is shut 
off. In al1 cases the spectra were identical; as a result, the recorded extinction spectra are of 
the suspended aerosol, not aerosols deposited on the windows. 
Nitrogen carrier gas is fïrst passed through a 5 SLPM Omega mass flow meta and 
then split into two streams, each of which is further metered through a floating hall flow 
meta, then directeci through two sanirators containing nitric acid and water. The two flows 
are then recombined and enter the flow tube. The temperatures of both the k t  and second 
sections of the flow tube are maintained at 188 K for aU of the experiments reported here. 
This causes condensation of the mixture of nitric acid and water vapors and production of 
liquid nitrîc acid particles, but dots not cause crystaiiization of the liquid particles. This 
was vaified by holding the final section at 188 K and obsaving the characteristic sp- 
of the liquid particles. The liquid particles produced in the h t  sections flow into the final 
(obsemation) section, whae the temperature is carefully controiied at a value ranging fiom 
188 K down to less than 160 K. CR spectra are recorded at various temperatures of the 
observation section. 
The required aerosol composition (2: 1 HN@:H20) is detemined directly fiom the 
extinction spectra. This is an important aspect of the experiment, so the following detailed 
procedure was developed to establish the flow rates of the separated car ier  gas streams 
needed to produce NAD, which is a precise 2:1 aerosol. First, the approximate flows are 
detemined by comparing aerosol extinction spectra (taken at low temperatures, known to 
produce crystallization) with published th i .  film NAD speara." Visual cornparison of the 
spectra cannot give the NAD composition accurately, howeva, because features 
characteristic of NAD appear in the experimental spectra o v a  a wide range of vapor 
compositions. Figure 5.4 will be used to illustrate the ranaining steps necessary to ensure 
that the H20-HNa composition ratio is that of NAD. Curves (a), (ô), and (c) respectively, 
are experimentai spectra for which the H20-HN4 ratio is less than, approximately equal to 
and greater than 2. Curve (d) is a calculated NAD aerosol spectrum, generated with optical 
constants daived from thin film rneas~rements'~ and a particle size distribution determined 
by fitting to our measured spectra. Cornparison of spectrum (d) with the o t h a  shows that 
the major feanires of NAD are present in al1 three experimentai spectra. 
The 947 cm" feature, which is present in thin film spectra of solid HNa and also 
liquid solutions of HNQ and Hz0 but absent fkom the spectra of the nystalline mono- di- 
and tri-hydrates, indicates molecular HNO~."*'~ The 3490 cm'' and 3255 cm*' peaks are 
OH fiequencies chmaaistic of Hz0 occupying diffaent positions in the NAD cIystal.'S*'5 
The 3255 cm-' feanire is very close to the peak of the broad OH band in liquid H20-HN@ 
at about 3305 cm-'. The edge of liquid band also underlies part of the 3490 cm-' peak, but 
its effect on the area of the 3255 cm" peak is much grrata, and consequmtly, the area ratio 
A(3255)lA(3490) is a minimum when ai l  of the Hz0 is in cxystalline NAD. The 
enhancanent of the 3255 cm" band in specaum (c) indicatcs the presence of liquid 
solution due to an excess of H20. 
To achieve a 2:l concentration, we adjust the flows until a s p e a ~ n  like (a) is 
produced, which has arcess HNa,  as indicated by the presence of the peak at 947 cm-'. 
Then the flow of the H N q  cimier gas is deaeased in steps while holding the HzO carrier 
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Figure 5.4 Low-temperature NAD aerosol spectn Cumes a, b, and c are measured 
spectra, for which the H20/HNû3 ratio is less than, approximately equal to, and greater 
than 2, respectively. Curve d is a caicdated spectnim. The spectra have been offset in 
the vertical direction. 
gas 80w constant. Spectra and flow meter readings are taken at each step until a spectrum 
like (c) is observed, whae the 947 cm-' peak has disappeared and the ratio 
A(3255)/A(3490) has increased sigriificantly. The area ratio A(3255)/A(3490) and the a m  
of the 950 cm" peak in the spectra are measureà, and plotted as a function of the HN03 
c&er gas flow. 
The resdting plot is shown in figure 5.5. The solid curve, referenceâ to the vertical 
axis on the left, is the A(3255)/A(3490) area ratio. The dashed curve, referenced to the 
vertical axis to the right is the nomalized area of the 947 cm" peak. The former is small 
when there is no liquid, and the latter is zero if all H N a  is in the form of NAD. Both are 
small at the point where the entire sample is composed of pure NAD. Figure 5.5 shows 
that thae is a unique flow ratio that causes both to be small simultaneously. This flow 
ratio is assumed to be that which produces pure NAD. The horizontal a i s  in figure 5.5 
simply iadicates the observation number; the HNQ carrier gas flow was decreased by 
approxirnately equal amounts between observations. The uncertainty in the flow rates and 
integrations contribute to an overail uncertainty in the aerosol composition of + 0.05:l 
(moles HzO: moles HNQ). 
A fieezing measurement consists of cooling the first two sections of the flow tube 
to 188 K and the final section of the flow tube to 173 K (the temperature at which 2:l 
aerosols completely crystaiiize). Then flows that produce an aerosol composed of pure 
crystalline NAD are established as described above. When the correct 2:l stoichiome~ 
has been achieved, the measwement is carried out by increasing the temperature of the 
b a l  section slowly, and taking spectra at regular temperature intervals, while holding the 
temperature of the k t  two sections at 188 K. The complete temperature profile of the 
flow tube walls is recorded as each specmim is taken. Near the expected phase transition, 
spectra are recorded at temperature intervals in the final section of approximately 1 K. As 
noted in section 3.2, the aperiment consists of the continuous creation, cooling and 
freezing of new particla, ratha than the obsemation of the same sample of particles o v a  a 
long time period. 
Decreasing HNOj Carrier Gas Flow -b 
Figure 5.5 Plot used to establish the flows which produced a 2: 1 H20:HN03 aerosol 
in the flow tube. 
5.2.2 Results 
As demonstrateci above, liquid particles with a composition of 2:l completely 
crystdize to nitric acid dihydrate when the tempaature of the final section is held at 173 
K. At temperatures above 179 K, however, the particles remain completely liquid. This 
was determined by comparing the aerosol spectrum with published spectra of nitric acid- 
water  solution^.'^*^^ A seris of absorbante spema that encompass the transition f?om 
liquid to solid are shown in figure 5.6. The spectra are displaced vertically for clarity, but 
are plotted on the same vertical xale. The sharp features characteristic of crystalline NAD 
are evident in the top (low temperature) specmim at fiequmcia of 3490, 3255 and 1030 
cm", and the broad features characteristic of Iiquid H N a - H 2 0  are evident in the bottom 
75,79 spectnrm. The intamediate spectra show features from both NAD and liquid H N 4 -  
H20. The most extensive changes occur in the OH region between 3 100 cm" and 3650 
cm" during freezing, so this spectral range was chosen to detexmine the NAD fieezing 
point (the temperame where NAD first appears in the IR spectrum). Figure 5.7 is an 
enlarged view of this region. It shows seven specaa which were recorded at temperatures 
differing by about 1 K, and normalized at 3490 cm-' in orda to elirninate the effects of 
small fluctuations ( les  than 5%) in the nurnber of particles in the observation region. The 
extrmie pairs of c w e s  at the top and bottom each consist of two spectra which are nearly 
indistinguishable at the vertical magnification of this figure. The top two are both spectra 
of the liquid. Th& i d d c a l  shape and intensity show that the liquid spema are not 
temperature dependent near the NAD keaing point. The next lower spectrum shows the 
3490 cm-' and 3255 cm-' OH features in NAD beginning to be distinguishable h m  the 
neighbouring broad OH band As the temperature decreases (going downwards in the 
figure) the relative inteasities of the OH absorption fkom liquid HNa-H20 diminish and 
the NAD OH features become more prominem. In the bottom two spectra, again 
indistinguishable at this magnification, the Feezing process has been completcd and the 
spectra (now of crystahe NAD) are once again temperature independent. 
Several rnethods were examined to find the most accurate way of quantifi the NAD 
fieezing temperature. The shapes of the bands change substantially on fieezhg. The Liquid 






Figure 5.6 Change in the absorbance spectnm of a 2: 1 H20:HN03 aerosol upon 
freezhg. The bottom spectrum is completely liquid, the top is completely solid. 
Freezing begins near 179 K. The spectra have been offset in the vertical direction. 
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Figure 5.7 An eniarged view of seven spectra chosen for the hezing point measurement 
of NAD. The spectra were recorded at temperatures differing by about 1 K, o v a  a range 
which includes the fieezing of the aerosol. The top and bottom curves each show two 
pairs of spectra (liquid and solid, respectively) which are nearly indistinguishable at this 
magnification. 
finaily chose involved determining the diffaence between each specaum and a reference 
specmun. A Liquid spectnim recorded within a few degrees of the fieezing point was 
chosai as the reference and the diffuencs between this and the other spectra were 
calculateci in the frequcncy range shown in Figurc 5.7 ( 3 100 cm" to 3650 cm-'). As a 
furtha test, the same procedure was repeated for sevaal otha spectrai regions. The results 
from al1 regions were the same, but the region fiom 3 100 cm-' to 3650 cm" was chosen for 
the fmal masurement because it had the best signal to noise. 
The ciifferences between the ref'ce specmun and the spectra at the indicated 
temperatura, nonnalizeci such that the largest difference is 1 .û, are shown in Figure 5.8. 
The points represent experimental measuranents; the solid l ina are described below. The 
values between 18 1.8 K and 179.6 K are indistinguishable from zero at the 2 0 confidence 
level, consistent with the fact that the liquid s p e m  dos not Vary o v a  this small 
temperature range. The solid line through these four points is a least squares regression 
line; the dashed lines above and below this show the locations of the 2 a values. The 
freezing point is dehed as the tempemue at which the difference changes fiom zero by a 
distinguishable amount (greater than 20). This occurs between the data points at 179.6 K 
and 178.8 K, so the onset of fkeezing is assigned the value 179.2 f 0.4 K. 
The measured differences increase between 178.8 K and 174.7 K. At the latter 
temperature, the specmim is that of crystalline NAD. Below 174.7 K, this spectrum also 
remains invariant with temperature at the 2 a level down to 171 K. The changes between 
the onsa of fkeezing at 1 79.2 K and its completion at 1 74.7 K reflect the increase in the 
hction of the aerosol volume that has crystallized. If the final section of the flow tube is 
cooled below the glass temperature (16 1 K"), the amorphous phase is formed. As this 
section is aIiowed to warm, the amorphous phase continues to be observeci up to about 163 
K, and a mixture of the amorphous phase and the crystahe phase is obsaved up to about 
168 K. Above this temperature, the spectnm is that of crystaiïine NAD. The appearance 
of the amorphous phase at temperature below 168 K is the result of eitha a smaU crystal 
growth rate or a smaii nucleation rate (see section 2.4 for a funher discussion on this). 
The information in Figure 5.8 can be used to derive the homogenmus nucleation 
rate (J) for the formation of NAD critical nuclei in 2:1 solutions. (Recall that J values 
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Figure 5.8 Change in the OH region (3650 to 3 100 cm-') of the 2: 1 spectrum as a 
fûnction of temperature. The maximum change has been normalized to 1. 
were determineci for sulfate solutions using similar rsults.) To obtain a nucleation rate 
fiom this resuit, it is necessary to assume that nystalluation is rapid with respect to the 
residence t h e .  At temperatures ranging f?om 175 K to 171 K the liquid particla 
complaely mystallize (see figure 5.8), so aystal growth is fast witb respect to the 
residence time over this temperature range. At temperatures between 175 K and 182 K the 
aystal growth rate must &O be fast because the crystal growth rate increases with 
temperature between 171 K and 182 Consequently, the assumption of rapid 
crystallization is valid for the fiwing temperatures we investigated It is worth noting that 
crystallization is expected to be particularly fast for this system because the liquid has 
precise 2: 1 stoichiometry (see section 2.3 for a Mer discussion on this). 
As discussed in section 4.5, the equation that relates the homogeneous nucleation 
rate to the fraction of the aerosol volume that has h z e n  is 
where At is the residence time in the frnal section of the flow tube. Based on the flow rates 
and pressures in this experiment, A t  is 15 f 1 seconds. The difference values plotted in 
Figure 5.8 yield a direct rneasurement of the volume fraction of droplets frozen at each 
temperature. Thus, if the size distribution function f (r) is known, the nuclration rate 
constant can be obtained from equation 5.1. 
The method we use to detamining the size of o u -  aerosol particles was describeci in 
section 3.4 and discussed further in section 4.3. In the present case, NAD optical constants 
fiom refemce 78 were used in the Mie calculations. These have some slight inaccuracies 
when applied to aaosols at spectral fiequencis below about 1250 cm-', so this region of 
the spectmm was excluded fiom the cornparison. Spectra w a e  calculateci for a matrix of 
log-normal parameters r, imd a, spanning the following range: r,= 0.0 1 to 0.4 1 pm and 
a, = 1.0 to 2.1, in steps of 0.01 for each parameter. Figure 5.9 shows a contour plot that 
was grnerateci fkom this matrix of parameters (see section 3.4 for fiirther discussion on 
this). The mini.mum nins diagonally fkom uppa left to lower right in the plot, and dong 
Figure 5.9 Contour plot generated by cornparhg a measured NAD s p e c m  
with caiculated spectra of particles having the log-normal size parameters 
indicated. 
the minimum the values are nearly equal. This trend was dso obsaved in the sulfuric acid 
experiments. A unique solution is not obtainable 6om a contour plot with this type of 
topology (see section 4.3); neverthelas, it is possible to estimate limits from the contour 
shape. From figure 5.9, we estimate upper limits of r, =O. 17 pn and o8 =1.6 and Iowa 
limits of r, =0.38 pm and cg 4.0 (the latter corresponds to a monodisperse aerosol). 
Shown in figure 5.10, is the calculateci specmim that corresponds to the lower limits of 
these log-normal size parameters (r, =O.3 8 pm and a, = 1 .O), as well as the experimental 
speanim that was used to genaate the contour plot. 
The values of the nucleation rate constant, J(T) , obtained fiom equation 5.1, are 
show in Table 5.1 for three temperatures, and 5 combinations of r, and 4 taken dong the 
minimum in Figure 5.9. The temperatures were obtained from the &ta in Figure 5.8, and 
correspond to values of the volume fraction fkozen, F&, T) , equal to 0.1,O.S and 0.9. 
Table 5.1 Nucleation rate constant, J(T)  , as a function of temperature and log- 
normal size distribution. All values are in units of 10" cm" s-'. 
Temperature (Ki) ; FY (ri T) 
Our data indicate that homogeneous nucleation of NAD fiom liquid aaosol âroplets 
occurs at relatively low tempaatures. We observe a flowing a m 0 1  having an average 
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Figure 5.10 Cornparison of measured NAD aerosol specmim with a calculated 
specnum having the log-nomal parameters indicated. 
radius of approximately 0.4 Fm, afta it has spent approximately 15 seconds at a h o w n  
temperature. On this t h e  scale, the temperature for the onset of nucleation is between 
179.6 K and 178.8 K. As we reduce the temperature of the obsemation sedon, we find 
that 10% of the sample has &ozen afta 15 seconds at a temperature of 178.8 K, 50% has 
frozen at 177.5 K and 90% at 175.8 K. These results indicate that J(T) increases with 
decreasing temperature in the range between 180 K and 175 K. At lower temperatures, 
especially neariug the glas temperature, the viscosity becomes high, and J ( T )  is expected 
to decrease with decreasing temperature. 
Homogeneous nucleation rates of NAD have been previously reporteci in the 
literature. Thae rates, as well as our measured rates, are displayed in figure 5.1 1. Our 
data are represented by the triangles. The horizontal error bars repres& the maximum 
uncertainty in the absolute temperature (k 1.6 K) fYom all sources, and the vatical error 
bars reflect uncertainties in the residence thne and the size distribution. The vertical error 
bars associateci with the lower two rates are smalla than the data points. 
The hatched region in figure 5.1 1 shows results fkom Banon et al. Using a static 
aerosol chamber, these authors obscrved rapid crystailization (4 minute) of 2: 1 droplets at 
temperatura within a few degrees of 173 K From this information and their estimated 
particle size (< 1 micron), we calculated limits for J(i3 that correspond to their results. The 
hatched region in figure 5.1 1 represents these limits. Our results agree with these b i t s  to 
well within our quoted uncertainty of 2 1.6 K. 
The squares in figure 5.1 1, which are connected by line segments for clarity, show 
results fkom Mackenzie et al? These rates were calculated using the '"Tumbull 
correlation", an approximation to classical nucleation theory. The temperature dependaice 
of our measured J(T) values are in excellent agreanemt with that predicted by the 
calculations, although the absolute values of the temperatures are uniformly between three 
and four Kelvin below those of the M a c K h e  work, for equivalent J(T) values. 
The circles in figure 5.1 1 show results fkom Disselkamp et ai.*' These rata were 
measured using a similar technique to that employed by Barton et al. The solid iine that 
connects the Disselkamp et al. data is the result of a calculation by Tisdale et al.*' The 
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Figure 5.1 1 Cornparison of the nucleation rates of NAD derived fiom the measurements 
reponed here (triangles) with values which have k e n  calculated (squares and lines) and 
measured (circles and hatched region). 
calculation was based on classical nucleation theory and was constrained to the rates 
reponed by Dissekamp et al. Our nucleation rates do not agree with those reponed by 
Disselkamp et al. and Tisdale et al. As shown in figure 5.11, Disselkamp et al. reponed 
nucleation rates on the order of 109 cm'3 s-' at temperatures about 20 K higha than our 
raults would iodicate. Also, the curve reponed by Tisdale et al. indicate that J(T) 
decreases to values below 1 o4 an" s* ' at temperatures below 1 80 K, y et we measured rates 
above 10" cm'3 s-' at these temperatures. 
Meilinger et al. and Tsias et al. predicted that liquid ternary PSCs can become 
essential binary nitric acid-water aaosols under certain conditions. These authors also 
speculated that the binary aerosols would fieeze as either NAD or NAT at polar 
stratosphaic tanperatures. For 1 % of these small particles (r=0.2 p) to freeze in 5 
niinuts (typicd time of a rapid temperature fluctuation), the homogeneous nucleation rate 
mut be 1 x 1 0 ~  cm"sec-l. If our I s  are extrapolated to this value, corresponding 
temperatures of 182 K to 185 K are obtained. Although very low, these temperatures are 
occasionaliy reached during the Antarctic winter. In the warma Arctic region, however, 
temperatures usually remain a few degrees above thae valued' Furthemore, at 
temperatures below approximately 185 K, the precipitation of ice is believed to be the 
dominant fieezing mechanism. 
Finally, it should be emphasized that the above discussion refers to the 
homogeneous nucleation of NAD kom HN03-H20 solutions having exacdy 2:l 
stoichiometry. It is not expected on the basis of cment models that nitric acid aaosols in 
the stratosphae would reach this composition Meilinger et al. and Tsias et al. preredicted 
concentrations ranging from 52 wt ?lo HNQ to 58 wt % m, wharas a 2: 1 composition 
corresponds to 64 wt % HNQ. Nevenbeless, ideas on the stratosphexic aerosol 
composition are still evolving; therefore, it is desirable to have fieezing data for a wide 
range of compositions extending beyond those presmtly expected in nature. 
5.3 NITRIC ACID TMEfYDRATE AEROSOLS 
The second set of nitric acid-wata expaiments w a e  paformed on aerosols with a 
stoichiomeaic 3:l composition (54 wt % acid). This composition is within the range 
predicted by Mehger  et al. and Tsias et al. (52-58 wt % acid). The 3 : 1 fieezing 
experiments were very similar to the 2:l freezing experiments, except for the temperature 
profile in the flow tube. It was necessary to cycle the temperature of the 3: 1 aerosol to 
obtain complete nystallization to NAT (see below). Using this method, we detennined 
homogeneous nucleation rates for the NAT fieezing process. 
5.21 Ehperiment 
The same cryogenic flow tube and associated apparatus used in the 2: 1 aerosol 
expaiments w a e  also used in the 3:l expaiments (see section 5.2.1 for a further 
description of this set-up). The technique of composition determination also was very 
similar in both expaiments. The procedure for 3: 1 determination is outlined below. 
Features characteIistic of NAT appear in the experimental spectra over a wide range 
of vapor compositions, as illustrated in figure 5.12. The top three curves were recorded 
with the temperatures of the finS middle and last sections held at 188 K, 153 K, and 178 K., 
respectively. At these temperatUres, al1 of the liquid aerosol particles that foxmed in the 
first section, nucleate stable ciystalline embryos in the middle section, and these embryos 
grow rapidly in the last section before the observation area. This results in complete 
crystallization of the aaosol particla. (The temperature cycling technique that g i v s  these 
results is discussed in greater detail below.) The concentrations of the aerosols that 
correspond to the top three spectra in figure 5.1 2 are l s s  than, approximately equal to and 
g r a t a  than 3:1, respectively. The bonom m e  is a Mie-theory calcdation of the 
specaum of pure NAT, calculated with the optical constants reported in reference 83. 
Clcarly, ai l  of the measured spectra contain substantial contributions from crystalline NAT, 
and thus, it is not possible to detemine by visual inspection the flows that give NAT, a 
precise 3 : 1 aaosol. 
The carrier gas flow rates that gave NAT were obtained by plorting the intensities 
of relevant spectral features as a fiindon of the ratio of the HrO and H N a  flows. In 
practice, the HNG flow is kept constant, so intaisities were plotted as a function of HzO 
flow. Figure 5.1 3 shows one of these plots. The 3430 cm-' and 32 1 5 cm-' bands are due to 
Hz0 in difkent NAT crystal  site^.'^*'^ In addition, thae two bands can have contributions 
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Figure 5.12 Low-temperature nihic acid trihydrate aerosol spectra. The top 
thm curves are measured spectra, for which the HN03/H20 ratio is less than, 
approximately equal to, and greater than 3. The bottom curve is a calculated 
spectrum. The s p e m  have b e n  offset in the vertical direction. 
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Figure 5.13 Plot used to establish the flows which produced a 3 : 1 aerosol 
in the flow tube. 
fiom the OH absorption of liquid HNG-H20, which stretches h m  2600 cm" to 3600 
cm-'. The ratio of the areas of the 3430 cm-' and 3215 cm" bands gives a measure of the 
NAT:liquid ratio because the 3215 cm-' band is near the maximum of the liquid absorption, 
while the 3430 cm" band is near its edge. Consequaitly, the area ratio A(3215)/A(3430) 
will be a minimum when the aerosol particle is completely NAT. The intensity of the 1390 
cm*' band corresponds to the NQ(v3) singlet band of NAT? This band is a maximum at 
the same flow that the A(32 lS)/A(343O) is a minimum, indicating that this flow ratio yields 
the 3: 1 NAT composition. The uncertainty associated with the 80w rates and the 
integrations leads to a total uncertainty in the composition of H.051 (moles H?O:moles 
HNO3). 
Critical nuclei are too small to be measured by FTIR extinction speWoscopy, so 
nucleation is detected by ensuring that the cntical nuclei grow to an obsemable size during 
the observation t h e  of the expaiment. Complete crystdlization of the aerosol p d c l e  is 
preferreà, because this g ivs  the maximum signal for a nucleation event. The temperature 
profile used to achieve this depends on the magnitudes and overlap of the nucleation rate 
and the crystal growth rate (see section 2.4). If the crystal growth rate and nucleation rate 
overlap for some temperature range and the crystal growth rate is appreciable (see figure 
2.2a), then the dashed profile in Figure S. 14 wiU iuduce complete crystallization. (For the 
remahder of the thais, tbis profile is r e f d  to as the two-stage temperature profile.) In 
this case, the temperatures of the first two sections are held constant at a value that 
produces liquid droplets, and the temperature of the b a l  section is varied. This 
temperature profile was used in the previous measurements of NAD nucleation. 
Unlike NAD, however, NAT has a slow crystal growth rate near its nucleation 
temperature, so to daect NAT nucleation accurately, we used the temperature profile 
indicated by the solid line in Figure 5.14. (This profile is refared to as a three-stage 
temperature profile for the remahder of the thesis.) In this case, the temperatures of the 
6rst and third sections are held constant at 1 8 8 K and 178 K, respectively. The forma 
causes condensation of liquid aerosol droplets fiom the gas phase, but produces no solid 
p d c l a .  The latter is too high to nucleate NAT in the liquid droplets, but causes rapid 
crystal growth in droplets tbat have been nucleated at the (lowa) temperature of the middle 
Figure 5.14 Schematic cross section of the flow tube is shown at the top of the figure. 
The temperature pronles used in the NAD and NAT experiments are at the bonom. 
The dashed line is the two-stage temperature profile; the solid line is the three-stage 
temperature profile. 
section. (Only the spectra of the liquid aerosol droplets are seen if the temperanue of the 
middle section is set at either 188K or 178 K.) Whai the temperature of the middle section 
is low enough, NAT begins to nucleate there (see below), and large crystals grow fiom 
these nuclei when the droplets move into the third section. 
To do a 3:l fi.eezing experiment, we first set the temperatures of the first, second, 
and third section at 188, 153, and 178 K, respectively, and then flows are adjusted until the 
3: 1 composition is established. Finally, the temperature of the middle section is slowly 
raised, while infiared spectra are continuously recorded 
5.3.2 Results 
Figure 5.15 shows a selection of spectra covering the range fiom 169.1 K to 159.1 
K. At the upper end of this range, the H20 absorption in the 3400 cm" region is broad and 
continuous, indicating that the sample is completely liq~id,75*79 whereas at 159.1 K, the 
characteristic sharp absorptions are clearly visible at 3430 cm-' and 3215 cm", indicating 
the presence of solid NAT crystals. 15.75,83 From these spectra, it is possible to quanti@ the 
fiaction of the total aerosol volume that has &ozen at a given temperature. The geoeral 
procedure, which has been discussed in section 5.2, involves plotting the change in some 
feature of the specmim versus temperature. As long as the particles remain liquid or solid, 
very linle or no change is obsaved in the spectra. As the sample frcezes, however, the 
feanire (if chosen correctly) wiii change monotonical.îy with the fraction of the sample that 
has nystallized. 
Two spectral features were considered for this measurement: the integral over the 
&O absorptions in the NAT crystal (the Ereqyency range fkom 3000 cm-' to 3600 cm-') and 
the integral o v a  the NO, (a) band near 1400 cm". These gave the same results, with 
approximately the same signai to noise values; the latter was chosen for the final nucleation 
measurements. As can be seen in Figure 5.15, this band changes from a broad doublet in 
the liquid to a sharp single absorption located between about 1350 cm" and 1450 cm-' 
when the sample changes fiom liquid droplets to NAT. The fiaction of the total aerosol 
volume that has fiozen is the change in the integral of this band, nonnalited such that the 
largest clifference is 1 .O. In Figure 5.1 6, this fiaction is plotted against the temperature of 
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Figure 5.15 Changes in the absorbance spectra of a 3:l aerosol upon fi-eezing. 
The bonom spectrum is completely liquid; the top is completely solid. Freezing 
begins near 168 K. The spectra have been ofTbet in the vertical direction. 
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Figure 5.16 Change in the nitrate band of the 3: 1 spectrum as a hc t ion  of 
temperature. The maximum change has been normalîzed to 1. 
the middle section. The dashed h e  shows the 20 values for a linear regression to the data 
points fkom 172.9 K to 168.3 K The fraction frozen becomes non-zero between 167 and 
168 K, and rises smoothly until 162.4 K where it again becomes constant with decreasing 
temperature. Thermfta, no change in the spectra was obseved d o m  to 158 K 
Shown in figure 5.17 is the contour plot used to determine the log-normal size 
parameters of the 3:l aerosols. This contour plot was gcnerated by comparing an 
experimental spectnun of NAT with calculated spectra of NAT (see section 3.4 for a 
M e r  discussion on the technique). The optical constants used to calculate the NAT 
spectra were takem from refaence 83. From this contour plot, we conclude that the best fit 
to the experimental spectrum occurs for r, = 0.10 pm and og = 1.8. We estimate an error 
associated with r, of f 0.05 pm and 4 of r 0.2. This covers the entire range of the lowest 
contour in figure S. 1 7. Shown in figure 5.1 8 is the experimentd spectmu of NAT that was 
used in these calculations, as weil as the calculated spectrum that gave the best fit to the 
expaimental data. 
In the 3 : 1 experimemts, the crystd growth rate was large because the temperature of 
the aerosol was increased to 178 K in the final section of the flow tube. As a resuit, the 
homogeneous nucleation rate is related to the volume fiaction fiozen (figure 5.16) through 
equation 5.1 (see section 5.2 for a M e r  discussion). Using this equation, we calculated 
the following nucleation rates: (in units of cm" s-' x 10") 0.38 t 0.18, 7.4 k 3.9 and 
97 t 63 at temperatures o f  167.2 K, 165.2 K and 163.5 K respectively . These values wep 
cdculated for Fv ( r ,  T) equal to O. 1, 0.5 and 0.9. The quoted mors represent the combined 
e f f m  of uncertainties in the size distribution and the residence time. 
5.3.3 Discussion 
The rate constants, J(T), we detcrmined fkom ow data are shown as the square 
points in Figure S. 19. The error bars represent the uncertainty in the temperature (i 1.6 K), 
the residence time, and the size distribution parameters. The solid line to the right of thse 
points shows the rates calculated for the nucleation of NAT fkom liquid aerosol &oplets 
having a 3:l stoichi~rnetry.~~ Also shown in the Figure 5.19 (as triangular points) are the 
rates, whkh we reporteci in section 5.2.3 for the homogeneous nucleation of NAD nom an 
Figure 5.17 Contour plot generated by cornparhg a rneasured NAT spectrum with 
calculated spectra having the log-normal size parameta indicated. 
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Figure 5.18 Cornparison of a measured NAT aerosol spectnim with a calculated 
spectrum of NAT particles having the log-normal size parameters indicated. 

aerosol having a 2:l composition. The h e  to the nght of these points shows the 
calculation by MacKenzie et al. for the corresponding NAD s~lution.~' The agreement 
between the relative valus of the expaimental and calculated rares is very good, but for 
corresponding J(T) values, the calculations are consistentiy about 3 - 8 K higha  in 
temperature than the measurements. The relative values of the nucleation rates are also in 
agreement with the work of Worsnop er a1.,l6 which showed that the nucleation of NAD is 
favoured over nucleation of NAT. 
Two othu investigations of the homogenous fkeePng of 3:l aerosols have been 
reporied. Neitha used temperature cycling; in both cases, the vapor was cooled to a low 
temperature in a single step, and the IR extinction spectnim of the resulting aerosol was 
monitored as a function of tirne. Disselkamp et al." found no crystallization of 3: 1 nihic 
acid particles at temperatura down to 190 K. In contrast, Barton et al." reported fr&g 
of 3:l aerosols at approximately 175 K. These authors monitored crystallization of sub- 
micron diameter aaosols for approximately 22 minutes, and they obsaved NAD 
crystallkation within a few minutes and NAT crystallization during the remaining 
obsavation tirne. In our experiments (which had a much shorter observation t h e )  NAD 
did not form if the liquid aerosol composition was precisely 3:1, although it did form from 
aerosols of non-stoichiometrk compositions between 2: 1 and 3 : 1. (This is discussed in 
detail in the following section.) 
Thae experiments have shown that at temperatures slightly above the glass 
transition temperature (between 16 1 K and 150 K for the 3: 1 composition)84 the ciystal 
growth rate of NAT is slow, but the homogeneous nucleation rate is hi&. As a 
consequaice, accurate labotatory measuranents of NAT homogenous nucleation ra ta  
fiom liquid aerosol droplets by FTIR extinction measurmeats require enhancanent of the 
crystal growth by raishg the droplet temperature afta nucleation. 
For 1% of the s r n d  particla to fieeze during a rapid taperature fluctuation, the 
homogeneous nucleation rate must be 1 x 1 09 cm"sec" (see section 5.2.3). Extrapolation of 
our data to hi- temperatures shows that 3:l solutions have a rate of this magnitude at 
temperatures of 170 to 175 K These temperatures are lowa than those obsaved in the 
polar stratosphere, so it is unükely that freezing of 3: 1 aerosol particles is a direct pathway 
for the formation of solid particla in the stratosphere. 
5.4 NON-STOICHIOMETRIC HN03-H20 AEROSOLS 
The final expaiments were perfonned on HtO-HNa aerosols with compositions 
ranging from 3: 1 to 1.2: 1. The range from 3: 1 to 2 1  includes the compositions predicted 
by Meilinger et al. and Tias et al. ( s e  section 5.1 ). The range from 2: 1 to 1.2: 1, even 
though not necessarily stratosphericaiiy relevant, is of interest because v a y  littie is known 
about fkeezhg as a function of particle composition in this range. A systematic study ova 
this range of compositions should increase our understanding of freezing in aqueous 
solutions, particularly nitric acid solutions. 
5.4.1 Expetimental 
The low-temperatine flow tube used in the non-stoichiometric work was the same 
as the one used in the stoichiometric experiments (see section 5.2.1 for a description of the 
apparatus). For al i  concentrations between 1.4: 1 and 3: 1, a two-stage temperature profile 
was used (see figure 5.14). Particles with concentrations between 1.4: 1 and 2: 1 did not 
freeze with this profile (proof of this is given in the following sections), so a three-stage 
temperature profile was implemented for these experiments (see figure 5.14). This profile 
is designed for compositions having a slow crystd growth rate at iow temperatures (A 
further discussion on the profles used in each fieezing expairnent is given in the foIlowing 
sections.) 
The major diffaence betweai the non-stoichiometnc expesiments and tbe 
stoichiometric experiments was the method for detamining the composition. The 
composition of the stoichiometric aaosols was determineci by relating changes in spectral 
bands to reagent flow. The correct flow ratio comlated with maxima in the spectral peaks 
assigned to the pure aystai. This technique, however, is incapable of detamining the 
composition of non-stoichiometric aerosols because no correspondhg maxima occur in this 
case. For non-stoichiometric aaosols, the composition is cietermhed using the foilowhg 
method F i  the aerosol flow exiting the low-temperature flow tube is diverted to a glass 
cell where the auosol temperature is inaeased to 293 K As a result, the aerosol panicles 
completely vaporize and form niaic acid and water vapors. The partial pressures of these 
resulting vapors are then determined by FTIR spectroscopy. The ratio of these partial 
pressures is a direct measure of the aerosol composition, because this ratio is the same as 
the ratio of H 2 0  molecules to HN03 molecules in the aerosol particles. This, of course, 
assumes that the amount of vapor phase &O and HNa in the low-temperature flow tube is 
much srnaLie than total H20 and HN03, a reasonable assumption in these experhents. 
A block diagram of the apparatus used for these measurements is shown in figure 
5.20. The low-temperature flow tube is displayed in the top part of the figure, and the glas 
cell used for gas phase analysis is displayed in the bottom part of the figure. The flow tube 
is connected to the glass ce11 by a piece of Teflon tubing which is 1/2 " ID and 24 " long. 
This Teflon tube is heated to aisure the vapors that enta  the glass ce11 are at 293 K. A 
tbemiocouple (type K) situated at the inlet of the glas  cell monitors this temperature. The 
glas cell is 1 " ID and 7.5 " long and has AgCl windows attached on both ends by Teflon 
mounts. This assembly is located in the sample cornpartment of a Bruker FïIR 
spectrometer. Specaa of the ce11 contents are recorded with this spectrometer at 0.5 cm" 
rsolution ova the range of 500 cm" to 4500 cm''. 
The IR specmun was calibrated for ninic acid and water vapor by recording IR 
spectra of known partial pressures of these gases. The source of these known partial 
pressures was a saturator, a g l a s  vasel containkg various solutions of nitric acid and 
water. (The vapor pressures of these solutions were calcdated fkom an equilibrium 
rn~del.)~' Dwing the calibration experiments, the sanirator was connected directly to the 
glas celi shown in figure 5.20, and a slow flow of nitrogen was passed through the 
saturator and thcn through the glas celi. At the same time, sp-a of the ce11 contents 
were recorded. Saturation of the canîer gas was vaified by monitoring the specmun of the 
vapors as a funaion of the flow rate of the &a gas. For a range of flow rates, the 
inteisities of the IR bands rmain constant, but as the flow increased above a catain value, 
the intensity of these bands decresed. For ail flow rates less than this certain value, we 
assumed the carrier gas was saturated The flow rate used in the calibration expaiments 
was l a s  than half of the flow rate needed for saturation 
A . .  ector 
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Figure 530 Schematic diagram of the apparatus used in the non-stoichiometric 
frcenng expcrimaits. 
Using the technique described above, we recorded IR spectra for a range of nitric 
acid and water partial pressurs. Show in figure 5.21 are three of these spectra. As 
indicated in the figure, the sharp features at approximately 3700 and 1500 cm-' are ffom 
wata vapor, and the unresolved features at 3550, 1 7 1 O, 1320 and 880 cm", are from nitric 
acid vapor. Also indicated in the bonom part of this figure are the water lina (1 889, 1990 
cm*') and the nitrate band (760 cm") we used for calibration purposes. Plotted in figures 
5.22 and 5.23 are the integrated areas of these features as a function of partial pressure. 
The curve in each figure is the result of a least squares fit (second order polynomial) to the 
data. The parameters of cach fit were used to convert absorption intensities into vapor 
pressures of nitric acid and water. 
The mor associated with this method of cornpositional analysis was estimated by 
preparing stoichiomeûic 3:l and 2:l aerosols in the low-temperature flow tube. (The 
method for preparing and characteriring precise 3: 1 and 2: 1 aerosols was described in the 
previous IWO sections.) We then detemined the composition of these aerosols 
independently by measuring the gas phase as described above. In all cases, the ratio 
detennined with our new technique agreed with the stoichiometric ratios to within k 0.2: 1 
(H?O:HN@). We quote this as our uncertainty in detexminhg the composition of non- 
stoichiom*nc particles. 
To do a non-stoichiomeaic fkeezing expaiment, we first set the temperatures of the cooling 
sections to their appropriate values (see above for a discussion on the temperature profiles 
used in these experimcnts). Afta the temperatures are established, the flows of ninic acid 
and water vapor are adjusteci until the desired particle composition is obtained. The 
tempaanue of either the second or final cooling section is then increased while both 
aaosol and gas phase spectra are recorded. The phase of the aerosol is detamined from 
the aerosol spectra, and the composition is determined ftom the gas phase spectra. 
5.4.2 R e m h  
I.Z:I < ~ ~ o : r n o ~  
Shown in figure 5.24 are resuits fiom an experimmt perfomed on 1.2:l particles. 
The spectra conespond to temperatures ranging fiom 186 K to 156 K, y a  there is vimially 
0.49 ton HNO, 
5.94 torr H,O 
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Figure 5.21 IR spectra of nitric acid and wata vapors. The vapor pressures 
which comspond to each spectrum are indicated in the figure. 
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Figure 5.22 HN03(g) calibration curve for the non-stoichiomenic experimenu. 
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Figure 5.23 H,O(g) - calibration curves for the non-stoichiometric experiments. 
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Figure 5.24 Temperature dependent spectra of a KNO3-H20 aerosol with a composition 
of 1.2: 1. The spectra have been offset in the vertical direction. 
no ciifferences among any of the spectra. Thae are subtle changes during cooling, most 
noticeably in the OH region: the shape of the 3500 cm-' band changes slightly as the 
aerosol is cooled. These changes, however, are consistent with cooling of a liquid 
a e r o s 0 1 . ~ ~ ~ ~ ~  We also subtracted successive spectra to make small changes more 
discemible, but even with this sensitive technique, we were unable to detect crystallization. 
Because of the similarity in the concentrations, we expected nimc acid 
monohydrate (NAM) to crystallize in the 1.2:l particles. A calculated spectrum of this 
hydrate (curve a) is displayed in figure 5.25. The optical constants used to calculated the 
spectrurn were taken fiom reference 78. Also included in this figure, for cornparison 
purposes, is the top spectnim in figure 5.24. Clearly, the experimental spectrum doan't 
resemble the calculated spectrum of NAM. Furthexmore, there are no features in the 
experimental spectrum that would indicate crystallization of any hydrate." 
The spectra displayed in figure 5.24 were recorded with a two-stage temperature profile; 
that is, the first two sections were held at 188 K and the final section was varied We also 
carried out expeRments on 1.2: 1 particles with a three-stage temperature profile. (The fkst 
and third sections were held at 188 K and 178 K respectively, while the middie section was 
varied.) Neverthelas, results identical to the ones displayed in figure 5.24 were obtained. 
Because the three-stage proNe increases the crystal growth rate (see section 5.3), we 
conclude that the homogeaeous nucleation rate of 1.2: 1 particles is below our detection 
limit. 
The resuits observed in the 1.2: 1 experirnents were typical for compositions ranging 
fiom 1.2:l to 1.4: 1. ln ail cases, no features associated with crystallization were observed 
in the IR spectrum ova the entire temperature range investigated. 
1.4:1 < &o:mo3 < 2:1 
Unlike the spem described above, the spectra of particles with compositions 
ranging îrom 1.4: 1 to 2: 1 do change noticeably between 170 K and 180 K. Thcse changes 
are shown in figure 5.26 for the case of the 1.6: 1 composition. The bottom spectrum has 
broad features that are characteristic of liquid H N @ - H ~ O . ' ~ ~ ~ ~  h contrast, the top three 
spectra clearly have sharp fatures at 3490, 3250, 1455, and 1030 cm-' that are 
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Figure 525 Curve (a) is a caiculated spectrum of nitric acid monohydrate (NAM). 
Curve (b) is a measured specmmr of a 1.2: 1 aerosol at 155.7 K The spectra have 
been offset in the vertical direction. 
4500 3500 2500 1500 
Frequency (cm'') 
Figure 526 Spectra of a HN03-H20 aerosol with a composition of 1.6: 1. The 
temperature that corresponds ta each specmim is indicated in the figure. The 
spectra have been o B e t  in the vertical direction. 
characteristic of  NAD?*'^ From this we conclude that a 1.6: 1 aaosol ranains liquid until 
approximately 175 K, at which temperature NAD forms in the aerosol particles. 
Because the spectra in figure 5.26 correspond to a 1.6: 1 aerosol, it is not possible 
for the entire aerosol to keeze as NAD, which has a 2: 1 stoichiometry . To detennine what 
remains in the aaosol particles after NAD fomation, we subtracted an aerosol s p e c m  of 
pure NAD fiom the spectrum recorded at 174.6 K. (The aaosol specaum of pure NAD 
was recorded during the 2:l stoichiometric work, which is described in section 5.2.) The 
resuiting spectnim, displayed in figure 5.27, is very sirnila. to the liquid spectnim of 1.6: 1 
pdcles ,  which is also displayed in the same figure for cornparison purposes. There are, 
however, slight ciifferences between the subtracted specaum and the liquid spectrum. First 
of dl, the ratio of the peak height at 950 cm'' to the peak height at 1035 cm'' is slightly 
larga in the subtracted spectrurn than in the original liquid specmim. In addition, the 
relative peak height at 1675 cm" is largu in the subtracted spectrum. Both the 950 cm" 
and the 1675 cm-' feanires are due to molecular HN03 in solution, whaeas the 1035 cm'' 
feature is due to N a -  in An increase in the HNOj features with respect to the 
N a '  feanue indicates that a liquid solution remains in the particle afta NAD fomation 
and that the liquid is slightly more concentrated than the original solution. The results 
described above wue observed for al1 aaosols with compositions b ~ e e n  1.4: 1 and 2: 1. 
2.7: 1 < H20:iW03 <3: 1 
Spectra of 2.8:1 particla at temperatures ranging korn 177.3 to 169.2 K are shown 
in figure 5.28. The bottom spectnim is the characteristic specmim of liquid HNG- 
~ ~ 0 . ~ ~ 1 ~ ~  This spectrum, however, changes considerably as the aerosol is cooled. In the 
nitrate region, the bands at 1455, 1295, and 1030 cm" shaxpen and grow in intensity whiie 
the shoulda at 1160 cm'' develops. These changes are consistent with crystallization of 
 NAD.'^^^ The formation of peaks at 3490 and 3250 cm-' in the OH region are also 
consistent with this f i d g  mechanism. The only other major change in the specmim with 
temperature is the developmmt of a s m d  feature at 3430 cm-'. This peak incikates that 
NAT, in addition to NAD, foms in the particles as they are ~ooled."'~ (The peaks 
assigneci to NAD and NAT are indicated in the figure.) 
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Figure 527 Curve (a) is a me-d spectrum of a 1.6: 1 aerosol at 174.6 K. C w e  (b) 
is the result of subtracting a NAD specmim h m  m e  (a). C w e  (c) is a measured 
spectrum of a 1.6: 1 aerosol at 177.2 K The spectra have been offset in the vertical direction. 
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Figure 528 Temperature dependent spectra of a HN03-H20 aerosol with a 
composition of 2.8: 1. The spectra have been offset in the vertical direction. 
The freezing mechanism proposed above (NAD and NAT crystallization in 2.8:1 
particla) is hirther supported by the results s h o w  in figure 5.29. Spectrum a is the 17 1.6 
K specmim from figure 5.28, while specaum d is the 177.5 K spectrum fiom the same 
figure. Spectrum b is the redt of subtracting an aerosol specmim of pure NAD nom 
specmun a. Cleady, thae are features in this difference spectnim that cannot be assigned 
to the liquid: for example, the OH region. Specmim c is the resdt of adding an aerosol 
spectmm of pure NAT to the liquid spectrum (d). (The aaosol s p e c m  of pure NAT was 
recorded during the stoichiometric work, which is described in section 5.3.) The resulting 
spectrum (c) is very similar to specaum b. From this, we conclude that 2.8:l particles at 
temperatures below appmximately 172 K are composed of NAD, NAT and liquid HN03- 
H20. A similar trend was observed for di compositions ranging from 2.7: 1 to 3: 1. In al1 
cases, both NAD and NAT features appeared in the IR spectrum. 
Freezing points 
From the temperature dependent spectra of the non-stoichiometric aaosols, we also 
detamined the precise temperatures at which crystaiiization h t  occurred (fkzing point). 
The procedure for determinhg the âeezing point has been disnissed in detail in both 
sections 5.2 and 5.3. Briefiy, the method involves calculating the difference between each 
spectmm and a liquid specmm recorded within a few degrees of the freezing point. For 
these experiments, we calculateci the difference over the fkequency range of 3 100 cm-' to 
3650 cm*'. This region war chosai because both NAD and NAT, the two hydrates 
identified in this work, have specaal features in this range. Shown in figure 5.30 are the 
diffaences calculatad fiom the results of the 2.8:l expaiment. Unlike the ciifferences 
determineci in the stoichiome& experiments, these diffaaices arc not normaüzed to 1. In 
the stoichiometric expaiments, the particles completely crystaiiized at low temperattues. 
Consequently, we nomialized the largest ciifference to 1 and assumed rhat the resdting 
differenca represent the volume &action fiozen. In these experiments, howcva, the 
particles did not compietely crystallize. The points in figure 5.30 represent the 
expaimaital measurements. The solid line (a) that goes through the points above 176 K is 
a linear regrasion to the data; the dashed ha above and below this show the location of 
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Figure 529  Curve (a) is a spectrum of a 2.8: 1 aerosol at 17 1.6 K Curve (b) is 
the result of subtracting an aerosol spectnm of pure NAD fiom curve (a). Curve (c) 
is the result of adding an aerosol spectnim of pure NAT to cuwe (d). Curve (d) is 






Figure 530 Plot of the change in the OH region of the 2.8: 1 spectrum as a function 
of temperatme. The change in area is a result of keezing. 
the 2 0  values of this least squares fit. The cuve @) in the figure is a least squares fit to 
the points below 176 K. The fieePng point is determined by extrapolating this curve and 
the linear regrasion line (a) until the two intesect. The point at which the two intersect is 
considaed the freezing point. 
Shown in figure 5.3 1 are fieezing points as a function of particle composition. The 
hatched region represents the concentration and tempaature range whae no fkezing was 
observed. The temperature range investigated in thae expairnena was 188 K to 153 K, 
but the hatched region has been rmncated at 158 K for presentation purposes. The circles 
in the figure represent freezing points of non-stoichiomeaic particles. The squares 
represent freezing points of stoichiometrk particla (these results were discussed in sectioc 
5.2 and 5.3.) The solid curve is a least squares fit (third order polynomial) to al1 the 
fieezing points. 
The freezing points in figure 5.3 1 indicate that the maximum fkeezing temperature 
for compositions ranghg fiom 1.2:1 to 3: 1 occurs at a composition of 23. The c w e  in 
figure 5.3 1, however, indicates the maximum is at approximately 2.2: 1; funher 
rneasurements in this range are needed to verifj~ this categoricaily. The i6reezing point data 
also indicate that the fkeezing temperature decreasa substantially as the composition 
deviates fiom 2: 1. 
5.4.3 Discussion and Conclusions 
Nitric acid-wata particles with average radü of approximately 0.4 microns have 
been studied over the range of 188 K to 153 K. The time the aerosol was held at these 
temperatures was approxiniately 15 seconds. From the temperature dependent spectra of 
thse  aaosols, the following conclusions w a e  clrawn: Aerosols with compositions between 
1.2: 1 and 1.4: 1 did not crystallize at any of the temperatures investigated. NAD formeci in 
particles with compositions ranging fiom 1.4: 1 to 2: 1, and NAD and NAT fonned in 
particla with compositions ranging from 2.7: 1 to 3: 1. From the temperature dependent 
spectra, fieaing temperatures of these particles were aiso determined. These results 
indicate that the maximum f i e h g  tempaature for compositions ranging fiom 1.2: 1 to 3: 1 
occurs at a composition of approximately 2: 1. 
stoichiometric freezing points 
non-stoichiometnc freezing points 
1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 
Concentration (moles H,Olmoles HN03) 
Figure 531 Freezing data from the stoichiometric and non-stoichiometric experiments. 
The hatched region -menu the the tempmhne and composition range where no freezing 
was detected. The circles represent the fieezing points fkom the non-stoichiometric 
experiments. The squares reprcsent the fkezing points fkom the stoichiomenic experiments. 
Barton et ai.79 have also investigated the keezing of non-stoichiometric solutions of 
HNG-H20. These authon observed NAD formation in particles with compositions 
ranging &om approximately 1.2: 1 to 2.5 : 1, and NAD and NAT formation in particles with 
compositions ranging fkom 2.5: 1 to 3 : 1. These results are consistent with our obsevations, 
except for compositions less than 1.4:l. Our results indicate that particles with 
concmtrations between 1.2: 1 and 1.4: 1 remain supercooled at temperatures as low as 153 
K, whereas Barton et al. observed NAD formation at 185 K with similar compositions. 
These apparaitly contradictory resuits are probably due to the cüffaent observation times 
in the two experiments. Barton et al. noted that it took approximately 8 minutes to f o m  
NAD in concentrated particles. In our experiments, howeva, the aerosol is only held at the 
f i a i  temperature for approximately 15 seconds. Barton et al. also investigated non- 
stoichiornetïic solutions with compositions between 3: 1 and 4: 1. Formation of both NAD 
and NAT was reported for this concentration range. We have not investigated this range; 
howeva; we did not see NAD fom in the particles with a composition of 3: 1 (see section 
5.3 for a further discussion). 
Non-equilibriurn models by Meilinga et al? and Tsias et al." predict that PSCs 
can approach a bhary nitxic acid solution with concentrations ranging from 52 wt % to 58 
wt %. These authors speculated that these binary particles tkeeze as NAT or NAT during a 
rapid tempaature fluctuation. In section 5.2.3, we argued that 2:l aaosols will not fieeze 
under these conditions. Since the maximum fkeezhg point temperature in figure 5.31 
corresponds to the 2:l composition, we also suggest that freezing will not ocm for any of 
the compositions prediaed by Meiiinger et al. and Tsias et al. This, of course, assuma 
that the homogaieous nucleation rates of the 2:1 solution and the non-stoichiometric 
solutions have similar temperature dependencies. (To predicting fieezing at stratospheric 
temperatura, we m u t  extrapolate our measured rates to higha tempaatures.) Thc 
temperature dependence of the 2: 1 and 3: 1 fiexzhg rates are virtuaiiy identical (see figure 
5.19). Therefore, it is reasonable to assume that the nucleation rates of solutions with 




In the previous chapters, experimeats on H2S04-H20 and H N a - H 2 0  aerosols were 
described The apparatus and techniques used in these experiments proved to be extremely 
useM for determinhg phases and phase transition kinetics of aerosol particles. Using IR 
spectroscopy, we were able to detamine the phases of the aerosols and the precise 
temperature at which the phase transitions occurred We were also able to determine, using 
Mie scattering calculations, the size of the particles under investigation. In most cases only 
limits for the log-normal size parameters were detexmineci, but the sensitivity to particle 
size could be increased in future expaiments by w o r b g  with larger particles. From the 
experimental results, we w a e  dso able to detamine the kinetics of the phase transitions. 
This information allowed us to predict the long-tirne behavior of stratospheric aerosols 
fiom our short-time observations. 
It is unlikely, based on the results presented in this thais, that steps 1 and 9 in 
figure 1.1 are important in PSC fieezing. We obsewed concentrated HzS04-Hz0 aerosols 
at temperatures ranging from approximately 240 K to 180 K, yet no freezing was detected. 
This finding is in agreement with recent laboratory results on this systan which strongly 
suggest that step 1 does not occur at stratospheric conditions. Udike concentrated H2S04- 
H?O aerosols, HNQ-H20 aerosols did keeze in our expaiments. NAD crystallized in 
particles with concentrations ranging h m  1.4:l to 2:1, and both NAD and NAT 
crystallized in particles with concentrations ranging from 2.7:l to 3: 1. From these 
experirnental results, we detennined that the homogcneous nucleation rate is relatively 
large at temperatures below approximately 175 K. The homogeneous nucleation rates 
determined by extrapolating our mcasured rates to stratospheric tmperatures, however, are 
not large enough to cause significant fieezing of PSCs. Consequdy, step 9 is dso 
unlikely . 
The results fkom the HtS04-Hz0 and HNQ-H20 experiments suggest that anotha 
pathway besides steps 1 and 9 are responsible for the formation of soiid PSCs. One 
possibility is step 6 in figure 1.1. This step involves the precipitation of ice out of dilute 
nitric acid particles that have only a small fraction of sulfuric acid (<5 wt %). We have 
shown that ice precipitates out of dilute sulfuric acid particla at approximately 35 K below 
the equiîibrium fieezhg temperatures. Also, recent calculations suggest that dilute nitric 
acid solutions behave in a similar manna to dilute sulfuric acid solutions.86 Consequaitly, 
step 6 is likcly responsible for the formation of solid PSCs below the ice Frost point (the 
temperature below which ice is thermodynarnicaliy stable). Other possibilities for solid 
formation include the frcczing of tmary aerosols (step 4) and heterogeneous nucleation. 
6.2 CONSIDERATIONS FOR FURTKER WORK 
The obvious stariing point for future work is steps 4 through 7 in the transition 
diagram displayed in figure 1.1. This thesis has focused on step 1 and step 9. Studies on 
steps 4 through 7 would complete this work. Steps 6 and 7 involve the keezing of a dilute 
nitric acid solution with a concentration less than 5 wt %. Both ice and NAT have 
bem proposed as the fieezing products." The importance of steps 6 and 7 in PSC fieezing 
could be addressed by sirnply extaiding the nihic acid work described in section 5.4 to 
include dilute compositions. (The b i n q  aerosol is a reasonable approximation to this 
ternary aerosol because of the low concentration of HzS04 in the particles.) Steps 4 and 5 
involve the fieezing of temas, solutions (see figure 5.1 for relevant temperatures and 
concentrations). The importance of these steps could also be addressed with the curent 
apparatus, but a method of detennining the composition of tanary p d c l e s  would have to 
be developed A method sllnilar to those described in this thcsis should be appropriate and 
relatively easy to implemmt 
Besides PSC formation, cloud formation is another possible topic to 
investigate with the m e n t  apparatus. Recent field and theoretical work has indicated that 
ammoniated and nitrated aerosols play a role in cinus cloud formation. ~7.88.89 Laboratory 
data to support these fïndings, however, is sparse. Freezing snidies on the following 
aerosols would m e r  our understanding of Nnis cloud formation: (IW&SO4, NH4HS04, 
and These aaosols are just a few of the much larger number of atmosphaically 
relevant aerosols that need to be studied. 
Although the apparatus developed during the course of this PhD work is adequate 
for most of the studies proposed above, the addition of an instrument capable of 
determining the composition of any aerosol (volatile at room temperature or non-volatile at 
room temperature) would make a substantial improvement to the current apparatus. An 
example of an essentidy universal technique for compositional analysis is single particle 
m a s  spectroscopy (SPMS).~~" This technique involves sampling the aerosol particles into 
a high vacuum chamba, vaporizing the pamcles with a laser or a filament, and analysing 
the resulting vapor with a mass spectrometer. With the addition of this type of instrument. 
a wider range of systems could be investigated. 
Anotba possible avenue to follow in this research is atmospheric heterogeneous 
chemisûy. The apparatus describecl in this thesis would be an ideal initial stage to a second 
80w tube where hetaogeneous reactions could be investigated; that is, the curent 
apparatus would produce and supply particles to a second flow tube where a trace gas 
would be introduced into the aerosol Stream. With appropriate methods for trace gas 
analysis, the rata and produas of the hetaogeneous reactions could be monitored. This 
set-up would allow the unique oppominity to monitor a reaction betweai a gas and an 
aerosol while the phase of the aerosol is varied. 
Clearly, the possibilities for future work are numerous..... 
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